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Abstract 
Carbon nanotubes (CNTs) have been chemically functionalised for electronic device 
applications using plasma exposure processes. Two areas of CNT device have been 
investigated. Firstly the conversion of the inherent p-type field effect behaviour of the 
CNTs to n-type field effect behaviour and secondly to control the positioning of CNT5 
on a substrate. 
To convert CNT5 from p-type to n-type semiconductors, the chemically unreactive CNT5 
have been functionalised by exposure to fluorinated plasmas, both CF 4 and SF6. Further 
functionalisation with 1,2-diaminoethane was then employed on CNTs fluorinated by 
CF4 plasma exposure at low bias conditions, the purpose of the amine molecule is 
to donate electrons to the CNTs. X-ray photoelectron spectroscopy (XPS) and Raman 
spectroscopy have confirmed both the presence of fluorine and nitrogen on the CNT 
surface as well as the structural integrity of the CNTs. The functionalisation mechanism 
was seen to depend on the ion current density and the fluorine plasma during the initial 
fluorine exposure stages. Electronic characterisation of the plasma fluorinated and the 
1,2-diaminoethane functionalised CNT5 in backgated geometry was then applied with 
randomly distributed CNTs on gold electrodes. The fluorinated CNTs have exhibited p-
type field dependent behaviour in air, whilst the amine functionalised CNTs have begun 
to show indication of n-type field dependent behaviour. 
To control the positioning of CNTs on a substrate two processes have been developed. 
The first involves plasma functionalisation method where elemental sulphur and CNTs 
were heated to 120°C in an argon/hydrogen plasma. The sulphur plasma exposed 
CNTs were observed by XPS to become directly thiolated. Raman spectroscopy again 
indicated the CNTs had remained intact, although due to the low percentage of sulphur 
on the CNT surface, 5%, no C-S bonds were observed in the Raman spectra. Thiolated 
CNTs were then self-assembled across gold electrodes, before being electrically char-
acterised in backgated geometry. Solution properties of the thiolated CNTs limited the 
reproducibility of the CNT devices, and the yield of self-assembled working devices. 
The second process used molecular stamping of 2-thiolpyridine using poly (dimethyl-
siloxane) (PDMS) stamps; a method which results in a high yield of working CNT 
devices. Molecular stamping of 2-thiolpyridine using poly(dimethylsiloxane (PDMS) 
stamping techniques, have been developed to self-assemble CNTs over a substrate and 
onto predefined electrode structures. By optimising the concentration of 2-thiolpyridine 
in ethanol and using a dilute suspension of CNTs in 1,2-dichloroethane, CNTs could be 
self-assembled using two similar fabrication processes. The molecular stamping experi-
ments have confirmed that altering the order of the steps within the fabrication process, 
to have CNTs on top of electrodes or underneath electrodes, can control the field depen-
dent qualities of devices in a limited gate voltage range. The limiting factor to device 
reproducibility is the ability to produce homogeneous CNT solutions. With control over 
the CNT chirality and suspension it is predicted the molecular stamping methods would 
be a fast and reliable process for high yield CNT devices. 
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Carbon Nanotube Data and Fundamental 
Constants 
Properties of Carbon Nanotubes Symbol Value 
Average diameter distribution dt 0.8-1.4 nth 
Carbon-carbon bond length C-C 1.44 
Lattice constant a 1.44x \/ 	= 2.491 
Carbon-carbon tight binding overlap Yo 2.5 eV 
Conductance quantization G n x (12.9kl) 1 or 
Resistivity p iUci - cm 
Maximum current density J 1013  A/rn2 
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MMI 
"For a successful technology, reality must take precedence over 




The introductory chapter will introduce the reader as to why there is a need for mate-
rials such as carbon nanotubes in the microelectronics industry. The methods applied 
in this investigation will be laid out along with a brief explanation of the current work 
in the field. The aim is to familiarise the reader with the motivation behind the work 
carried out here. 
Finally an overview of the thesis structure will be explained chapter by chapter, to allow 
the reader fast access to required information. 
1.1 The Changing Face of Microelectronics 
Since the prediction made by Moore in 1965 that the number of transistors on a chip 
roughly doubles every two years, Moore's Law [1], the microelectronics industry has 
innovated and developed technologies to meet these targets. Fundamental research 
carried out both by industry and academia over the years has proved to live up to ex-
pectations and demands for faster, more powerful and efficient microchips. The silicon 
technology road map has been accurately predicting the device scales to be achieved 
over the last few decades. However, looking at the predictions made for the gate node 
dimensions in 2003 in figure 1.1, it can be seen that the limits of silicon technology will 
soon be reached. 
The patterning of nanometer scaled silicon gates is a huge technological challenge. Not 
only this, the fundamental physics dominating the transport properties of semiconduct-
ing materials at such a scale will become dominated by quantum effects. Researchers 
are now looking towards novel material to become the semiconducting materials of 
future devices. One such promising materials are carbon nanotubes. 
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Figure 1.1: The silicon technology roadmap predictions for transistor gate node scaling. 
1.1.1 Why Use Carbon Nanotubes? 
Carbon nanotubes (CNTs) have caught the imagination of scientist and engineers over 
a wide and diverse range of disciplines due to their unique electronic and physical 
properties. Not only do CNTs have the ability to conduct as a metal or a semiconductor, 
they have also shown exceptional tensile strength, high thermal conductivity and all 
whilst being inherently on the nanoscale [2].  The CNTs themselves can be simply 
thought of as a sheet of graphite rolled up into a tube. The way in which the tube has 
rolled up then determines many of the properties of the CNT, fundamentally for this 
investigation, the electrical characteristics of the CNTs. 
Due to the fascinating nature of the CNT material, not only for fundamental science, but 
also for multiple device applications a great deal of hype has surrounded CNT technolo-
gies. By 2000 there were review articles in popular science magazines such as Physics 
World [3] where single nanotube electronics could be reviewed and summarised to the 
date. There were also numerous articles in the popular press such as the Economist [4] 
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and the Financial Times [5] heralding nanotechnology as a good investment area with 
carbon nanotube characteristics leading the way as potential future materials. Even 
tabloid and local newspapers have featured articles on carbon nanotubes [6]. 
The speed at which CNT electronics was advancing was in large part due to the new im-
provements in the growth and manufacturability of the CNTs. The high pressure carbon 
dioxide (HiPCO) CNT growth process developed at Rice university and sold under the 
company name CNI [7], had lead to a high yield single walled carbon nanotube growth 
process. Although the growth of carbon nanotubes is still a constantly evolving field 
of active research, the growth methods and mechanism will not be discussed in this 
thesis, as no growth experiments were carried out. All CNT electronic characterisation 
was done on commercially available tubes and those from collaborators. The growth 
details of which will be referenced as necessary. 
1.2 Carbon Nanotube Functionalisation 
As discussed above, it is well known that CNTs can behave as metallic conductors or 
semi-conductors depending upon the physical structure of the tubes. However, al-
though the CNTs exhibit these advantageous electronic properties several problems re-
main with the material for electronic device applications. To begin with the inherent 
electronic behaviour of CNT field effect transistors (CNT FETs) in air is p-type, limiting 
their uses for logic applications. Also the CNTs have a tendency to bundle together as 
ropes. 
As the CNTs are initially chemically inert a first point for CNT electronics can be to make 
the CNT5 chemically reactive by means of functionalisation. The benefits of the func-
tionalisation processes are two-fold. The general increased reactivity of the CNTs can 
be exploited to further functionalise CNTs to alter the electronic behaviour by chemical 
doping, or more simply to increase the solubility of the CNTs for uniform solutions. 
1.2.1 Fluorination 
The initial methods employed throughout this work have been to functionalise the 
normally unreactive single walled carbon nanotubes (CNTs, or SWNT throughout this 
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work) by fluorination. The advantages of fluorinating CNTs are many-fold [8,91. In 
particular an increased reactivity acts as a staring point for further reactions, however, 
reactivity also improves suspensions, allowing CNTs to be more easily dispersed and 
therefore isolated. However, previous fluorination of CNTs, largely developed by Mick-
elson et at. [10] at Rice University, had involved long exposures to elemental fluorine 
gas diluted by argon at elevated temperatures. These processes were time consuming 
and often resulted in the loss of CNT structure. 
The plasma functionalisation methods developed here, exploited short functionalisa-
tion times and low damage conditions to fluorinate the CNTs. Other research groups 
have also used similar plasma fluorination methods of CNT functionalisation after the 
development of the work done here [11-14]. The fluorination method was observed to 
effectively functionalise the CNT sidewalls without damaging the CNT structure. 
Importantly, the fluorination is used as a starting point of various derivisations by flu-
cleophilic substitutions with a view of controlling the electronic properties of the CNTs 
from p-type to n-type behaving devices. 
1.2.2 Amine Functionalisation of Carbon Nanotubes for n-type Devices 
The plasma fluorinated CNTs made during this work have been further functionalised 
with amine containing groups. Amine functionalisation is proposed to donate electrons 
to the CNTs, thus producing n-type CNT devices. 
The use of amine containing groups to alter the inherently p-type SWNTs to n-type 
devices has been exploited by several groups due to the amines electron donating na-
ture. The use of polyethylene imine (PEI) first carried out by Dai et at. [15] provided 
permanently n-type doped SWNT devices. 
In this study the substitution of 1,2-diaminoethane has been employed, a modified 
version of the reaction developed by Stevens et al. [16], to dope F-SWNTs. The F-
SWNTs were prepared by CF4 plasma exposure as discussed elsewhere [17,18] and in 
Section 5.3.1 where the fluorination would lead to both semi-ionic and covalent fluorine 
attached to the sidewalls of the SWNTs. 
The resulting CNT FETs devices exhibited n-type field dependent behaviour due to elec- 
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tron donation from the amine molecule. 
1.3 Self-assembly of Carbon Nanotubes 
As well as the inherent p-type behaviour of the CNT devices there is also a problem 
with the CNT material for electronic device applications in the selective positioning of 
CNTs onto prefabricated electrodes. One method explored in the literature has been to 
grow CNTs on predefined points across two metallic regions acting as electrodes [19-
26]. Another method is to position electrodes Onto CNTs which have been deposited 
onto a substrate of some kind [27-30]. Here, the ultimate goal is to position carbon 
nanotubes without altering the electronic properties of the CNTs, by exploiting means 
of self-assembling chemical reactions to position the carbon nanotubes onto predefined 
electrodes. 
There are a number of reasons for choosing this route. Firstly, controlling the growth 
position of carbon nanotubes is a successful method of producing carbon nanotubes 
with reliable positional accuracy. However, the processes involved in the growth of 
carbon nanotubes often require high temperatures [31, 32], not suitable for integration 
into current silicon technology fabrication processes. Secondly, a metallic catalyst is 
required in most of the well known growth methods. Once growth is complete there 
is no clear process for removing the catalyst particles, which may in turn affect the 
ultimate behavioural properties of the CNT devices. 
The need to accurately position carbon nanotubes on a large scale basis has been ad-
dressed by various groups using different methods used in the selective positioning of 
carbon nanotubes. Thiolation of CNTs through wet chemical techniques had been used 
to self-assemble CNTs onto gold [33-35]. Other methods for positioning CNTs have in-
cluded DNA hybridisation [36] Langmuir-Blodgett films [37] and polar molecules [38]. 
1.3.1 Direct Thiolation of CNTs 
To take advantage of the thiol gold self-assembly, CNTs had been previously thiolated by 
substitution reactions. In all cases CNTs were firstly functionalised by long acid purifi-
cation and cutting steps to obtain carboxylic acids [33-35, 39].  Smalley et al. have func- 
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tionalised the CNTs with a long chain carbon group to produce CNT-(CH 2 ) 11 -SH [33], 
whilst Liu et at. produced CNT-CONH-(CH 2 ) 2 -SH [34]. A shorter chain reaction was 
then developed by Lim et al. [35] where via several acid reflux steps, conversion of 
carboxyl groups to hydroxyl groups, further conversion of hydroxyl groups to chloride 
groups, and finally thiolation, CNT-CH2-SH tubes were produced. 
Here, CNTs were directly functionalised in a plasma containing sulphur and hydrogen 
to produce a thiol (SH) bond on the CNT sidewalls, known as thiolated CNTs. The self-
assembly between gold and SH is a well known phenomenon [40-45] and by selectively 
patterning gold electrodes the thiolated CNTs can assemble across electrode structures. 
1.3.2 Molecular Stamping Techniques 
Also, of particular interest in comparison to the process developed here, was the selec-
tive positioning of CNTs employed by Rao et at. and published in Nature [38] using 
polar molecules and surface passivation. Two separate regions of polar and non-polar 
molecules were fabricated using some form of standard self-assembly procedure (PDMS 
stamping or dip-pen lithography). Between the polar and non-polar regions the Si0 2 
substrate surface had been passivated using a silane based material. The CNTs were 
then observed to attach across the polar regions bridging the silane passivated surface. 
Here, the process developed has been greatly simplified, whereby CNTs were positioned 
using soft-lithography inking techniques [40,41]. By stamping 2-thiolpyridine a non-
polar and short chain R-thiol molecule, a room temperature two step fabrication process 
was developed, whereby the thiol end of the molecule selectively adhered to the gold 
or oxide surface, whilst the pyridine end of the molecule attracted the CNT sidewalls. 
Both the direct thiolation and the molecular stamping techniques resulted in CNTs 
which could be back-gated for field dependent device characterisation. The working 
device yield for the direct thiolation method was relatively poor at around 10%, whilst 
the molecular stamping method produces a much higher working device yield of 90%. 
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1.4 Thesis Overview 
The main body of this work deals with the physical alteration of CNTs by means of 
chemical functionalisation. Chemical functionalisation processes were achieved for 
both doping and selective positioning of carbon nanotubes. Molecular stamping tech-
niques have also been applied to position carbon nanotubes, a process potentially ap-
plicable to both pristine and doped CNTs. 
The structure of the thesis is divided to enable the reader quick access to the relevant 
results, a brief summary of each chapter is made below. 
Chapter 2: Carbon Nanotubes. A description of carbon nanotubes, including their 
structure and predicted electronic behaviour has been made. The theory surrounding 
the physical description of carbon nanotubes is described. The reader will then be 
introduced to the highlights of the field of CNT electronic devices. A brief review of the 
experimentally realised electronic devices made to date is given. 
Chapter 3: Characterisation Techniques, Spectroscopy and Electronic Device Char -
acterisation. The spectroscopic techniques of x-ray photoelectron spectroscopy (XPS) 
and Raman spectroscopy, required to analyse the functionalisation processes carried 
out on the CNTs are described. The previous experimental work in particular on CNT 
Raman structure is reviewed. The experimental setup along with practical advice and 
considerations discovered for the spectroscopy of CNT samples are discussed. 
The principles of electronic characterisation of nanoelectronic devices are set out in-
cluding a comparison to well-known silicon based electronic structures such as field 
effect transistors and Schottky diodes. An introduction into microelectronic probing 
techniques specific to the CNT devices fabricated is then made. 
Chapter 4: Plasma Diagnostics and Microfabrication Techniques. A description 
of plasma diagnostic techniques necessary to determine the plasma functionalisation 
mechanism for the CNT fluorination is made. These include optical emission spec-
troscopy and actinometrical calculations, along with Langmuir probe techniques. 
Current microelectronic fabrication processes which are essential in the production of 
any electrode structures and PDMS print masters are also explained. 
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Chapter 5: Plasma Fluorination of Carbon Nanotubes. The experimental chapters 
then begin with the plasma fluorination of carbon nanotubes. The spectroscopic char-
acterisation results of the fluorinated CNTs is made with Raman and XPS. The CNTs are 
also inspected using electron microscopy. 
The reaction mechanisms of the plasma fluorination process are studied by use of 
plasma diagnostic tools and CNT surface characterisation. By comparison of a S1 76 
and CF4 plasma feedstock gas, the C-F bond on functionalised CNTs is discussed. 
Chapter 5: Amine Functionalisation of Plasma Fluorinated Carbon Nanotubes. The 
further functionalisation of CF 4 plasma fluorinated CNTs by amine functionalisation is 
described. The functionalisation process is characterised by Raman and XPS and the 
CNTs are shown to remain intact. The amine functionalisation of the CNTs is seen to 
depend directly on the initial fluorination. 
A conversion of CNT devices from p-type to n-type by amine functionalisation is ob-
served. The electrical characterisation of the functionalised CNTs are then discussed. 
Chapter 7: Plasma Thiolation of Carbon Nanotubes for Self-Assembly. The third 
results chapter details the thiolation of CNTs using a novel plasma process: Spectro-
scopic surface characterisation of the CNT5 is again applied using Raman and XPS. The 
result have shown that low levels of sulphur in the thiol region have bonded to the 
CNTs without damaging the CNT structure. 
The subsequent self-assembly of the thiolated CNTs was observed using SEM. The CNTs 
were observed to bridge narrow electrode structures. Where bridging was successful, 
the electrical behaviour of the CNTs could be probed. The device yield and behaviour 
is discussed. 
Chapter 8: Molecular Stamping to Position Carbon Nanotubes. Finally, in the fourth 
results chapter, the fabrication of Poly(dimethylsiloxane) (PDMS) stamps and molecular 
stamping techniques for CNT positioning is discussed. The molecular stamping of 2-
thiolpyridine is considered as a means of realising a large scale fabrication process for 
high yield post-growth CNT devices. The self-assembly of CNTs was characterised by 
SEM. 
The electronic behaviour of the CNT devices are then characterised in back-gated ge- 
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ometry. The field dependent behaviour is highlighted and comparison to other devices 
is made. 
Chapter 9: Conclusion. In the conclusion the contribution of this work to the field of 
carbon nanotube electronics is expressed and the required work for future development 
is discussed. 
The highlights of the research have been published in peer reviewed journals or pre-
sented at relevant international conferences showing that the work has been a contri-
bution to the field of carbon nanotube electronics. All publications made as a direct 




To begin to understand the properties of carbon nanotubes it is first necessary to con-
sider the physical structure of carbon nanotubes. The following chapter explains the 
theoretical description of the CNTs structure and the subsequent electronic behaviour. 
The carbon nanotubes can behave as either metallic or semiconductors depending on 
how the tube has formed. The theory behind the electronic behaviour of the CNTs is de-
scribed briefly. Experimentally achieved CNT electronic devices will then be considered, 
both as nanoscale metallic conductors and as field dependent semiconductor devices. 
2.1 The Structure of Carbon Nanotubes 
Carbon is an interesting and versatile element which forms the basis of organic chem-
istry. It is recommended that for a full appreciation of the versatility of carbon based 
chemistry, the reader consults an organic chemistry textbook [46]. A carbon atom has 
six electrons available and will fill the lower energy level shells first in accordance to 
the authau principle. Firstly there are 2 electrons in the is shell and this is the case for 
all carbon hybridisations. The remaining 4 electrons, the valence electrons, are then 
split between the 2s orbital and the 2Px,  2p, and 2Pz  orbitals as shown in figure 2.1(a). 
However, carbon is available in several different forms making it such a versatile build-
ing block for organic chemistry. The different forms of carbon are most usefully con-
sidered in terms of their hybridisations, sp, sp 2 and sp3 . In the case of sp hybridisation 
one of the 2p orbitals is mixed with the 2s figure 2.1(b). For the sp 2 hybridisation two 
of the 2p orbitals are mixed with the 2s, figure 2.1(c) and it is this hybridisation of 
carbon which gives us graphite, C60 and other fullerenes including CNTs. In the case of 
sp3 hybridisation, responsible for carbon in the form of diamond, all 4 electrons are in 
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Figure 2.1: A schematic representation of the energy levels of carbon 
Graphite, carbon with sp 2 hybridisation, forms a hexagon based structure as shown in 
figure 2.3 will be the only form of carbon further considered here. Each sp 2 carbon 
atom is capable of forming 3 sigma (a) bonds with the nearest neighbour carbon and 
1 pi (i) bond, perpendicular to the hexagonal carbon plane. A a bond is strong and 
corresponds to the head on overlap of two atomic orbitals, such as a covalent bond, 
these a bonds play no role in the conductivity of carbon graphite [47].  The 7r bond is 
considerably weaker. However, it is this weak 7r bond which allows one free electron per 
unit cell to contribute to the conduction of graphite between stacked layers of graphite 




Figure 2.2: The ir bonding of carbon in the CNT sheet. The a bonds are in the plane of 
the carbon hexagon. 
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2.1.1 How the Carbon Nanotube Rolls Up 
Figure 2.3: A representation of how a carbon nanotube rolls up. Sites 0 and  and  and 
B' meet seamlessly to form a nanotube, recreated from figures by Dresseihaus 
et a! in [2].  The representation shown here indicates a (4,1) CNT 
A carbon nanotube can be described as a sheet of sp 2 carbon which has been rolled up 
along the chiral vector Ch equation 2.1, as shown in figure 2.3. Important theoretical 
work on the understanding of the CNTs physical and electronic behaviour has been de-
veloped using the tight binding model' of graphite [47] and imposing periodic bound-
ary conditions due to the rolling up of the tube. Work led by White [49],  Hamada [50] 
and Dresseihaus [51, 52] all provided important contributions to the theoretical under-
standing of the CNT structure. Although this is not an exhaustive list of those whom 
have worked on the field, these papers cover the discussion presented here as a general 
overview of the CNT theoretical behaviour. How the tube has rolled up along its axis 
determines many of the electrical properties of the CNTs and can be described by the 
(n, m) indices defined by the chiral vector Ch,  also known as the Hamada vector. 
C,, = a1 n + a2m (n, m) 	 (2.1) 
The Hamada vector also leads to the powerful deduction of the CNT tube diameter, d, 
where a = 1.44 x 	= 2.49A is the lattice constant. 
'The tight binding model is explained in solid state physics textbooks, such as that by Kitte! [48] and 





= a'/n2 +nm + rn2 	
(2.2) 
7r 	 7r 
The (i-i, m) indices of the CNTs then determine the electronic properties of the nan- 
otubes and can be split up into three main types, (n, n) arm chair tubes where 0 = ±30 0 , 	 - 
(n, 0) zig zag tubes where 0 = 00 and for all other (n, m) chiral tubes. The three main 
tube structures are shown in figure 2.4. Importantly, where (n - m) = 3p, the tubes are 
metallic, and if (n -m) = 3p ± 1, the tubes are semiconducting, where p = integer, 
leading to all (n, n) (armchair) tubes being metallic. The (n, 0) (zig zag) tubes are semi-
conducting when n 0 integer multiple of 3. When n = integer multiple of 3 however, 
the CNT will behave as a small gap semiconductor; and at room temperature this gap is 
so small that the tubes behave as a metal [50, 51, 53] for all practical purposes. 
(a) An armchair CNT (n, i) 	 (b) A zig zag CNT (n, 0) 
(C) A chiral CNT (n, rn) 
Figure 2.4: The three different types of carbon nanotubes. When (n - m) = 3p, the tubes 
are metallic, and if (n - m) = 3p ± 1, the tubes are semiconducting, where 
p = integer. Taken from L21 
2.1.2 The Unit Cell, Periodic Boundary Conditions and 1D Energy Disper-
sions of CNTs 
The unit cell for a carbon nanotube is given by the rectangle formed by the chiral 
vector Ch and the translational vector T, OABB' as in figure 2.3 [2].  The unit cell and 
extended Brillouin zones for armchair and zig zag CNTs are shown in figure 2.5, again 
reconstructed from the diagrams presented by the Dresselhaus group [2,52]. 
The CNTs are interesting due to their one dimensional (11)) periodic structure along 
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Figure 2.5: Part of the unit cell and extended Brillouin zone of armchair (top) and zig zag 
(bottom) carbon nanotubes, taken from [2, 52].  The dashed lines show the 
zones for graphite as a comparison L471. 
the direction of the tube axis [51]. In the direction of the circumference, it is necessary 
to apply periodic boundary conditions due to the bending of the graphite sheet in the 
tube structure. The boundary conditions Ch k = 27m are applied to eliminate regions 
from the two-dimensional (21)) energy dispersion relations of the ir bands of graphite, 
necessary due to the rolling up of the graphite sheet to make the CNT structure. In 
doing so the 1D energy bands can be obtained by slicing of the 2D energy dispersion 
regions in the direction of Ch k. 
Using the unit cells, figure 2.5 and applying the periodic boundary conditions to the 
CNTs the allowed wave vectors determine the electronic behaviour of the CNTs. The 
allowed wave vectors for both a metallic and semiconducting CNT are shown in fig-
ure 2.6. Where the allowed wave vectors include the K point the CNT will behave as a 
metal, and where it does not as a semiconductor [50-52,54]. 
A plot of the 1D energy dispersion relations for both metallic and semiconducting CNTs 
is shown in figure 2.7. The cross over of the 1D energy dispersion relations at the 
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(a) The allowed wave vectors slicing 
through the first Brillouin zone of an 
armchair CNT. As the wave vectors 
cut though the k points, the tube be-
haves as a metallic conductor. 
K 
(b) The allowed wave vectors slicing 
through the first Brillouin zone of a 
zig zag CNT. As the wave vectors do 
not cut though the K points, the tube 
behaves as a semiconductor. 
Figure 2.6: The allowed wave vectors in the first Brillouin zone for both an armchair and 
a zig zag CNT Recreated from Hamada et al f50J. 
Fermi level (EF) signifies a metallic conductor, figure 2.7(a) whilst the presence of 
a gap indicates a semiconductor, figure 2.7(b). When the semiconductor gap is very 
small the CNT will behave as a metal at room temperature, figure 2.7(c). The 1D 
energy dispersion relations show clearly how the tube rolling effects and the allowed 
wavevectors can alter the CNT electronic behaviour. 
Further discussion of the CNT physical structure will be made in the Raman spec-
troscopy Chapter 3.1. In the meantime it is important to note that these theoretical 
predictions of the CNT structure have been verified by experimental evidence in Raman 













(a) The 1D energy dispersion rela-
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(b) The 1D energy dispersion rela- 
tions for a large bandgap zigzag tube 
(c) The 1D energy dispersion rela- 
tions for a small band gap zigzag tube 
Figure 2.7: The 1D energy dispersion relations for CNTs taken from Hamada et al L501. 
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2.2 Electronic Properties of Carbon Nanotubes 
The surprising electrical behaviour of CNTs as either metallic or semiconducting 1D 
nanoscale conductors, predicted by the tight binding model, has indeed been observed 
in experimental investigations. 
2.2.1 Metallic CNTs 
Metallic single walled carbon nanotubes (CNTs) were seen to act as genuine quantum 
wires in 1997 under the direction of Cees Dekker [55]. These were the first measure-
ments of individual CNTs, and the devices were prepared by drop-coating laser ablation 
CNT5 onto predefined Pt electrodes. Electrical conduction was seen to occur though dis-
crete electron states and coloumb charging was observed by taking measurements at 
temperatures as low as 4K. 
It was becoming apparent that the behaviour of CNT metallic type devices was close to 
ballistic transport [56,57]. Experiments carried out have shown that palladium elec-
trodes make ohmic contact to CNTs [58-60] and evidence of the CNTs behaving as a 
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Figure 2.8: The experimental evidence for coloumb blockade and CNT luttinger liquid be-
haviour. Taken from L611 
Figure 2.8 shows a reproduction of the early I-V data collected from metallic CNTs by 
Paul McEuen's group [61]. The coloumb blockade effects become visible at 1.3 K and 
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the conductance is seen to rise exponentially with increasing temperature as is the case 
for a Luttinger liquid. 
In the practical realisation of CNT devices, the electronic transport was often hindered 
by the CNT/electrode interface. The quality of the nanotube/electrode interface was 
seen to be determined by the choice of metal used for the electrode. Initially it was 
presented that the work function of the metal could determine the nature of the contact. 
For example, a metal with a work function higher than that of the CNT (4.5 eV [641) 
should produce an ohmic contact. In the case of palladium, with work function 5.1 eV, 
ohmic contacts were observed. When the work function of palladium was decreased 
by hydrogen exposure the contacts became less reliable and the ohmic nature was lost. 
However, in the case of platinum, work function 5.7 eV [65], the contacts are not 
ohmic. The effect is further confused by the evidence showing that some titanium 
(work function 4.1 eV [65]) CNT contacts have been ohmic [59], although also often 
Schottky. 
The Ohmic nature of the contacts is therefore deduced to be a combination of metal 
work function and the wettability of the metal allowing a good contact to be made. 
In the case of metallic CNT devices, the reduction of contact resistance has allowed 
ballistic transport to be observed. In the case of semiconducting nanotubes the effect 
of the CNT/electrode interface is also important. The majority of discussion on ob-
served nanotube electronic behaviour will focus on semiconducting CNT characteristics 
as the primary aim of these investigations has been to produce a fabrication process for 
reliable CNT field effect transistor devices. 
2.2.2 Semiconducting CNTs 
In 1998 the Cees Dekker group at Delft characterised CNT field effect transistors [66] as 
their fabrication process had led to both metallic and semiconducting CNT devices on a 
single chip. In the initial stages of CNT FET research many compared the CNT devices 
to the standard silicon MOSFET (metal oxide semiconductor field effect transistor). For 
a MOSFET, the gate dependent conduction is due to channel conduction effects and 
depends on the level of dopants in the device. Further experimental characterisation 
of CNT FET devices was later carried out largely by the group at IBM, which showed 
that CNT FETs are Schottky barrier transistors [29, 64,67-71] and not analogous to the 
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MOSFET model. However, this is not an exclusive field, and many other papers have 
appeared on the field effect behaviour of CNT FETs [2]. 
The confirmation of the Schottky barrier type transistor theory for CNT FETs, came 
when it was observed that switching the source and drain electrode on a particular CNT 
FET device led to altered field-dependent characteristics [68]. The Schottky barrier 
CNT PETs in contrast to the MOSFET model previously used, are not affected by the 
carriers already present and instead depend on the band bending at the Schottky barrier 
created at the CNT/electrode interface, induced by the gate field [68, 70, 72]. Such a 
description holds true for short channel.CNT FETs [53], where conduction is dominated 
by ballistic transport. However, long channel CNT PETs do depend on the carriers [53, 
73] and parameters such as mobility can be extracted from the transport characteristics, 
which will be discussed later in Section 2.3. 
As well as using CNT5 as the channel in field effect devices or as metallic interconnects, 
it is also possible to produce unique devices by joining two CNTs together or making 
a kink in the CNT tube structure. The combination of metallic and semiconducting 
CNTs as a single junction device has been predicted to act as a rectifier [54]. Indeed 
even along a single nanotube probed by STM the I-V character along a single tube was 
seen to alter, most likely due to defects in the CNT tube structure [74]. The defect sites, 
most likely (5,7) pentagon-heptagon sites on a tube would be equivalent to the junction 
formed by 2 CNT5 bridging together. 
Figure 2.9 shows the effect that a kink on a CNT can have on the CNTs conduction. 
Across the kink the CNT is seen to act as a rectifier, whilst in the region above the kink 
ohmic conduction is observed. Such altering device behaviour dependent upon the po-
sitioning of the electrodes along the CNT5 provides an interesting basis for CNT device 
fabrication. By placing multiple electrodes along a CNT differing device characteristics 
can be obtained. 
2.2.3 Separation of Metallic and Semiconducting CNTs 
Although the potential applications as field effect devices, interconnects and novel rec-
tifiers have been demonstrated experimentally, many problems arise with the tendency 
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Figure 2.9: The conduction across a kink in a CNT taken from [54].  Above the kink 
ohmic conduction is observed, whilst across the kink rectifying behaviour can 
be seen. 
as yet no clear way to produce purely metallic or purely semiconducting CNTs, although 
laser ablation does tend towards more armchair CNTs [55,74] and some CVD growth 
conditions towards semiconducting [60, 75, 76]. 
Certain techniques have been applied for the selective removal of metallic CNTs from 
mixed bundles. Firstly there is a technique known as burn off, whereby in a bundle 
of CNTs attached to electrodes the semi-conducting tubes are turned off by application 
of a gate voltage, and the metallic tubes are subjected to a large current [60, 77].  The 
large current densities through the metallic tube cause the tubes to breakdown, perhaps 
by joule heating. The remaining CNTs are semiconducting. 
Also selective electro chemical reactions [78, 791, where the resistivity of the metallic 
tubes is increased by several orders of magnitude, has been applied again resulting in 
the removal of the metallic CNTs, from the device. 
Perhaps one of the most exciting methods for the selection between metallic and semi-
conducting tubes is dielectrophoresis, whereby the difference in the dielectric constants 
between metallic and semiconducting CNT5 allows selective alignment [77,80-84]. 
The metallic tubes have a much larger dielectric constant and as such preferentially 
align to the electric fields. The semiconducting CNTs will remain unaligned in the so-
lution unless in the case of poor suspension, where they will be aligned along side the 
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metallic tubes, due to van der waals interactions. Burn off can then be applied to de-
vices where a mixture of metallic and semiconducting CNTs have aligned. Or where 
good suspensions have limited the bundling, the remaining dispersion solution should 
contain only semiconducting CNTs, the metallic CNTs having aligned across the elec-
trodes on the substrate surface. 
The field dependent device characteristics for back gated CNTs are now discussed more 
specifically. 
2.3 Carbon Nanotube Field Effect Transistors 
Inherent CNT PETs in air are all observed to behave as p-type devices. Originally it 
was thought that this was due to 02 from the atmosphere chemically doping the CNTs 
along the sidewalls. However, when CNTs were annealed in a vacuum or a gas such 
as nitrogen the CNT FETs became increasingly ambipolar and then n-type [72,85,86]. 
Re-exposure to atmosphere was seen to reverse the effect and the CNT FETs reverted 
back to p-type. These experiments have shown that the Schottky barrier nature of the 
contacts is influenced by the oxygen from the atmosphere affecting the CNT electrode 
interface. 
Following from the discussion of the Schottky barrier CNT FETs above in Sections 2.2 lo-
cally applied gates have been successfully applied to produce p-type and n-type devices 
on the same chip, the crucial step towards logic devices. However, the choice of elec-
trode metal was again seen to be an important consideration with similarly prepared 
devices with Cr/Au electrodes remaining p-type after the anneal and Co electrodes pro-
ducing n-type devices for one group [87]. 
2.3.1 CNT Doping 
Carbon nanotubes can also be doped in the conventional, chemical doping sense, by 
the exposure to gas dopants such as bromide and iodine to provide p-type dopants and 
to potassium and cesium to provide n-type dopants [67,88-90]. Exposure to amine 
containing groups has been observed to provide enough dopants to create n-type de-
vices [16,91,92] as well as use of an amine plasma [14] and even proteins [93]. Ex- 
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posure to some polyimine groups has been shown to be reversible [15,94] with others 
providing molecules which can both accept and donate charge to the same nanotube 
depending upon external conditions [95]. 
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Figure 2.10: p-type CNT FETs are converted to n-type devices by both vacuum annealing 
and chemical doping taken from work by the IBM group [85] 
The chemical doping of CNTs for PET devices has been shown to be different from 
the locally applied gate voltage effect primarily in the sense that the threshold voltage 
shifts for the chemically doped devices [67, 72,85,86]. A comparison between the two 
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different methods of doping was made at IBM and the resulting I-V curves are shown in 
figure 2.10 taken from work by Derycke etal. [85]. The threshold shift is a clear sign that 
the addition of electrons is responsible for the doping observed in these devices rather 
than an alteration at the CNT/electrode interface. In other work with a potassium 
doping and annealing stage [67] on a thin gate oxide, devices with highly improved 
n-type CNT FETs were achieved. The potassium provided the threshold voltage shift 
and the n-type dopants, whilst the annealing stage improved the bulk doping and the 
injection from the source electrodes. 
2.3.2 CNT Logic Devices 
The two distinct routes, gate induced doping and chemical doping give researchers 
the ability to carefully control the devices. With the recent success of n-type and p-
type devices being produced carbon nanotube logic devices have been created such 
as NOT [72,75] NOR, OR, NAND and AND gates [75], ring oscillators, 220Hz [75] 
5Hz [96] and CNT transistors have been seen to operate at 2.6 GHz frequencies [28]. 
Carbon nanotubes were also successfully integrated with silicon NMOS devices by a di-
rect growth method [97]. The ability of carbon nanotubes to be controlled by local gat-
ing has lead to both inter (2 separate tubes) and intra (one tube only) CNT devices [72] 
and also the ability to induce optical emission from hole and electron recombination in 
a device [29, 76].  More recently local gating of a single carbon nanotube has created 
an ideal p-n diode [98],  thus confirming the local gating method to successfully control 
the CNT electronic behaviour without any damage to the structure of the CNTs. 
2.3.3 CNT Electronic Device Summary 
At present techniques for positional control of CNTs still need to be refined and a key 
requirement is the ability to determine the CNT electrical behaviour to order, rather 
than the unknown chiralities from each growth process that is the current state of the 
art. Nevertheless some promising characteristics have been shown, with good local 
control of the CNT gate allowing device behaviour to be controlled [86], improved 
dopant uniformity and injection through annealing [67] and the ability to use a single 
molecule for different dopant effect [91]. 
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CNTs have been shown to have uses not just as interconnects and field effect transistors, 
but also as field emission devices, for applications such as television screens and as elec-
tron sources for e-beam lithography [26,99-102]. By growing the CNTs perpendicular 
to the substrate surface, high quality displays and electron sources can be made. In this 
work no attempt to explore the field emission properties of CNTs has been made so no 
thorough review of the field will be made here. However, it is interesting to note the 
stunning versatility of the CNT material. 
It is with a view to the promising electronic device behaviour of carbon nanotubes that 





Spectroscopy and Electronic Device 
Characterisation 
The approach of functionalising CNTs using chemical modification techniques was adop-
ted here as a first step in the utilisation of carbon nanotubes (CNTs) for molecular elec-
tronics. In order to draw conclusion from any experiment carried out on the carbon 
nanotubes, sensitive spectroscopic techniques are required. Throughout this investiga-
tion the main techniques used have been Raman spectroscopy and X-ray photoelectron 
spectroscopy (XPS). Due to the inherently small size of the samples and the complexity 
of the arrangements all spectroscopic analysis of CNTs is non-trivial. 
The advantages of both Raman spectroscopy and XPS along with the information which 
can be gathered is described in the following chapter in Sections 3.1 to 3.2. Some 
practical advice on accurate analysis of the experimental data will be given. 
Microscopy is also a useful tool in the study of carbon nanotubes. Scanning electron mi-
croscopy (SEM), transmission electron microscopy (TEM) and atomic force microscopy 
(AFM) have all been applied during this work, however merely as an inspection tool so 
no background description will be made here. 
The subsequent devices were then characterised by microelectronic probe station tech-
niques. In doing so the electronic behaviour of the CNT devices could be analysed. 
In particular whether the device was field-dependent or not. Along with the expected 
behaviour CNT device probing will be discussed in Section 3.3. 
3.1 Raman Spectroscopy 
Raman spectroscopy is a powerful tool for understanding the molecular structure of 
molecules. A general understanding of the principles of Raman spectroscopy can begin 
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from the polarizability of a molecule and the quantum theory of radiation. A clear 
discussion of the technique is given by Banwell [103]. A molecule in a static electric 
field will suffer some form of distortion, whereby +ve atoms in the nucleus will become 
attracted to the -ye pole of the field, and -ye atoms in shell will become attracted to the 
+ve pole of the field. Such a distortion causes an induced dipole moment, i, and the 
molecule is said to be polarised. The size of y depends on the magnitude of the applied 
field E such that, 
=aE 	 (3.1) 
where a is the polarizability. The polarizability will change periodically with time as 
the molecule vibrates or rotates, therefore it is more accurate to consider 
/1 = a0 + Acesin27rVibt 	 (3.2) 
where, a0 is the average of the polarizability, Aa is the rate of change of polarizability 
with the vibration and Vvjb is some kind of internal frequency. Now for a Raman setup, 
consider a stream of photons incident upon a molecule. The photons will strike the 
molecule with an energy E = hv, where ii is the frequency of the radiation and h is 
Planck's constant. The electric field experienced by each molecule due to the incident 
radiation will also vary with time such that, 
E = E0sin27vt 	 (3.3) 
Therefore a description of the dipole moment is 
= aE = (ao + asin21rubt) E0siri27rvt 	 (3.4) 
expanded simply to give 
= a0E0sin2irvt + LiaE0 {cos2ir(v - vb)t - cos2ir(v - vb)t} 	(3.5) 
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producing 3 output terms all with physical meaning. The first term showing the case 
when the scattered and incident frequency are the same, and the latter 2 terms due to 
the addition or loss of energy to the molecule, respectively [103, 104]. When a photon 
and molecule interact the molecular wavefunction is disturbed. For a very short time 
the system no longer exists in a stationary state, and exists in a virtual state. When the 
molecule returns to a stationary state it may or may not be different from the initial 
state, the possible outcomes are shown below in table 3.1. 
Molecule energy change Scattered radiation frequency Type of scattering 
No energy change ii Rayleigh 
gains energy ii - Stokes 
loses energy v + Anti-Stokes 
Table 3.1: Raman scattering outcomes 
The molecule can lose and gain energy only in accordance to quantal laws. Therefore 
any AE is the difference in energy between two allowed states, meaning a change 
in the vibrational or rotational energy of the molecule. In order for a molecule to be 
Raman active a molecular rotation or vibration must cause a change in a component of 
the molecular polarizability. The prediction of such changes are difficult and are best 
described by group theory analysis which will not be done here, complicated further by 
the fact that polarizability is a tensor component. For practical purposes though it is 
necessary to note that the radiation incident during Raman spectroscopy is usually in 
the visible or ultraviolet region, (1 am - 10 nm) and therefore much greater than the 
size of a molecular bond which is about 0.1 mm. As such radiation can only sense the 
average polarizability in various directions [103]. 
The intensity of the stokes and anti-stokes signals will be relatively weak in compar-
ison to the Rayleigh scattering line. The anti-stokes will be especially weak as it is 
statistically less likely to occur. The giving of energy from the molecule to the scattered 
radiation that an anti-stokes transition dictates, implies that the molecule was originally 
in an excited state, an occurrence which is known to be less likely due to Boltzmann's 
distribution and the rules of statistical mechanics. Sensitive equipment is therefore re- 
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quired to detect these scattered photons. However, it is useful to note that symmetric 
vibrations result in intense Raman lines, whilst non-symmetric vibrations can often be 
weak, or even not visible. In the case of carbon nanotubes the key Raman active modes 
are highly visible. 
3.1.1 Raman Spectroscopy of Carbon Nanotubes 
A widely accepted spectroscopic technique for the study of carbon nanotubes is Ra-
man Spectroscopy. A great amount of pioneering research has been done with Raman 
spectroscopy, largely by the group led by M. S. Dresselhaus at M.I.T. [32,105-110], 
making it one of the more reliable experimental techniques at present in nanotube 
characterisation. It has been possible to perform single-tube Raman spectroscopy [32] 
and novel techniques have given insight into the photon interactions of the CNTs and 
provided much information regarding their characteristic structure. Single nanotube 
resonant Raman spectroscopy can be applied to accurately determine the (n,m) 1 in-
dices of the tube, due to the strong coupling between the incident or scattered pho-
tons and the electronic transitions between the conduction and valence bands of the 
tubes [32, 105, 1061. To do so the radial breathing mode is used as a first point of char-
acterisation, which is then correlated with the G-band vibrations of the CNTs. Figure 3.1 
shows the REM and the G-band vibrations on the CNT structure. 
The Raman spectra of a CNT can immediately determine whether or not the tube is 
structurally intact, which is why it is often the first point of characterisation. The RBM 
is particularly sensitive to the (n,m) of the individual CNT making it a useful first point 
of identification for the tube structure. From the frequency of the RBM the nanotube 




where c = 248 ± 2cm 1 nm according to experimental verification [32, 105, 106]. Tun-
able lasers could be powerfully applied to determine the (n,m) from the REM alone, 
however, tunable lasers are not readily available and the G-bands have to be consid-
ered to double check that no large errors were made in the initial determination stages. 
'See Section 2.1 for a description of the CNT structure. 
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I n 	 G-band 
(a) The radial breathing mode (RBM): All 
carbon atoms are moving in phase in the ra-
dial direction. 
(b) The carbon nanotube G-band: neigh-
bouring atoms are moving in opposite direc-
tions along the surface of the tube as in 2D 
graphite. 
Figure 3.1: The vibrations of the radial breathing mode (RBM) and the G-band. Taken 
from (1081 
The G-band is also sensitive to the incident laser energy and can be split into two parts, 
=circumferential and w = along the tube axis, as shown in figure 3.1(b). How-
ever, this is only useful in the case for single nanotubes. In the case of bundles or 
ropes of nanotubes as observed here, the same modes are visible but arising from many 
different tubes in a single bundle. 
The intensity of the tube vibration will depend on whether that tube was in resonance 
with the laser energy or not. The 633nm wavelength as used here is particularly useful 
for researchers looking at bundles with both semiconducting and metallic tubes [111] 
as was the case here. Although the bundles of tubes and the resonance considerations 
make it difficult to accurately determine the structure of the tubes in any given bundle, 
it is still a powerful and useful technique. The presence of nanotube-nanotube inter -
actions may cause changes in the vibrational frequencies of the SWNTs in the bundles, 
however these interactions are not important for the G-band [107] which is a useful de-
termination of the SWNT structural integrity. The Raman spectra of a bundle of tubes 
can also be readily applied to determine the diameter distribution of the CNTs in the 
bundles [32,89]. 
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3.1.2 Raman Spectroscopy: Experimental Considerations 
In a standard Raman setup, light from a laser is directed towards the sample of interest. 
Usually most of the light emitted from the sample has the same frequency as the inci-
dent light (Rayleigh scattering), however, if energy is exchanged between a photon and 
a molecule during a collision, the emitted radiation will be either higher or lower in 
frequency. The theory and experimental considerations of Raman spectroscopy are de-
scribed in the textbook by Banwell [103] and were discussed briefly in the introduction 
to this chapter. The experimental setup is described below in figure 3.2. 
laser 
lens 
- 	 - 	- 	sample 
Stage 
Figure 3.2: An example of the Raman setup used. 
Here the LabRam300 with 633 nm laser line at 100 W power was used. The incident 
laser is directed towards the source, whereby an optical light source has been used 
previously to focus the image. The reflected light is then collected and sent to a detector. 
The set-up shown here is for backscattering geometry which was used throughout the 
investigations. 
3.1.3 The Carbon Nanotube Raman Spectra 
For a change to be seen in the Raman spectra a molecular rotation or vibration has 
to change a component of the molecular polarizabilily. A typical spectra for a carbon 
nanotube sample is shown in figure 3.3. 
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Figure 3.3: An example of the typical Raman spectra of CNTs. 
The low frequency resonance which is observed at approximately 200 cm -1 is known 
as the radial breathing mode of the carbon nanotube and relates sensitively to the 
diameter of the tube. The higher frequency peaks at 1600 cm -1 and 1300 cm -1 are 
known as the G-band and the D-band respectively. The G-band refers to sp 2 bonded 
carbon (e.g. CNTs or graphite) and was discussed above whilst the D-band can be used 
as a gauge of the quality of the CNTs. The higher the intensity of the D-band implies a 
higher level of defects on the tube samples [32, 105, 106, 108, 112]. 
The D-band is also accompanied by its second harmonic the G'-band at approximately 
2600 cm -1 [32, 105, 106,108,112]. The D-band and the G'-band both arise from de-
fects on the CNT structure, or due to attached molecules by functionalisation, and 
are dispersive i.e. they change in frequency when the laser excitation energy changes. 
However, the mechanism is slightly different with the D-band arising due to a photon 
interacting with a defect, and the G'-band with 2 phonons at specific wavevectors q and 
-q. See [32, 105, 106, 108, 112] for a full discussion. 
These higher frequency peaks, G-band and D-band, depend less on the CNT diameter 
and tend not to vary too much between different (n,m) tubes. However the G-band 
is presumed to shift upon high levels of covalent functionalisation [108, 111] where 
electron acceptors (p-type dopants) should shift WRBM  and wc to higher frequencies 
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Figure 3.4: An example of the Raman spectra of CNTs functionalised using an aggressive 
acid. 
It is therefore essential after various stages of functionalisation to check the structural 
integrity of the tubes and in practice Raman Spectroscopy has been shown to be a 
quick and reliable method of doing so. For example, an acid oxidised sample of CNTs 
as observed in figure 3.4 has clearly increased defect content and the RBM is no longer 
clearly visible. The loss of the RBM may be due to a broadening of the band or an 
extreme down shifting [108, 111]. It can therefore be concluded that the acid func-
tionalisation process used was detrimental to the nanotube structure. It may also be an 
indication of carboxylic acid groups being attached to the sidewalls of the CNTs. Such 
attachments would alter the sp 2 carbon bonding of the sidewall atoms to a more disor-
dered arrangement of sp 3 hybridisation, clearly observed by a dramatic increase in the 
D-band intensity. At this stage it is difficult with Raman alone to determine how much 
of the D-band is caused by defects or by functional groups bonded to the sidewalls. 
Further investigation means, such as XPS are required 2• 
2TEM or FT-IR are also useful techniques for CNT functionalisation characterisation. However, these 
are not discussed here. 
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3.1.4 Raman Summary 
Raman spectroscopy is a quick and non-intrusive way of deducing whether the CNT 
structure is intact, and to gain an indication of the average tube diameter in a bundle. 
As the theoretical understanding of the origins of the RBM, G-band and D-band are now 
well established, it is possible to deduce the (n,m) values for a given CNT when single 
nanotube Raman spectroscopy is employed. For the purposes here, where bundles of 
CNTs are characterised, the 633nm laser line is most useful as many CNTs, both metallic 
and semiconducting, can be probed at this wavelength. The average properties of the 
bundles, such as CNT diameter distribution and the structural integrity of the CNT can 
be easily determined. 
3.2 X-ray Photoelectron Spectroscopy (XPS) 
X-ray photoelectron spectroscopy is a powerful technique, whereby the core electrons 
of an atom of a molecule are probed by a X-ray source. The experiment is set up using 
a monochromatic X-ray source whereby the X-rays have energy capable of probing the 
innermost core of the atom or molecules. The method behind XPS comes from the 
photoelectron effect. Consider the diagram shown in figure 3.5, taken from [103]. 
When the energy of the incident photon is higher than the binding energy of the elec-
tron, the electron will be emitted. Similarly, when an X-ray collides with an atom or 
molecule an excitation takes place and an X-ray is emitted with a different velocity. Un-
like the Raman excitations the energy is not quantised. All that is required is that the 
incident energy is larger than the binding energy. The relationship between the inci-
dent X-ray energy, the emitted electron energy and the binding energy of the sample is 
described by equation 3.7 [103, 113-115]. 
/U1= EKE +BE 	 (3.7) 
where h is Planck's constant and u is the frequency of the incident X-ray form the source, 
EKE is the kinetic energy of the emitted electrons and BE is the binding energy of the 
atom or molecule. For the apparatus used here, the VG Scientific Sigma Probe, the 
incident radiation is from an Al k source for which hv = 1486.6eV. 
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Figure 3.5: An example of the photoelectron effect. When the energy of the incident photon 
is higher than the binding energy of the electron, the electron will be emitted. 
Equation 3.7 can be simply rearranged to give the binding energy of the electron, 
BE=hV — EKE 	 (3.8) 
The energy of the emitted electron will depend sensitively on the bond being formed 
within the atom or molecule. Although chemical bonds do not alter the energies of 
the core electrons as dramatically as for the valence electrons, there is still a clearly 
observable energy shift, due to the electron shielding effects. Ultra high vacuum is 
required for the successful probing of the core electrons and valence electrons 3 , as the 
electrons are highly reactive and as such limited reaction with other matter is essential. 
The velocity of the electrons emitted depends sensitively on the level of the core elec-
tron. For example electrons can be emitted from the is, 2s, or 2p level of fluorine. The 
fluorine peak with the highest intensity is usually the Fis peak and as such it is usually 
used for analysis. The is peak is a single peak, and can be deconvoluted to determine 
physical information of the bond being studied. The 2p peak of a molecule will be more 
'The technique for the study of valence electrons also follows the photoelectron affect as discussed here 
and is known as ultra-violet photoelectron spectroscopy. 
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complicated due to the spin orbit splitting of the 2p level. A 2p3 and 2pj both exist, 
with the latter being twice as likely and therefore having twice the intensity (e.g. an in-
tensity ratio of 2:1), due to quantum mechanical considerations of the s and I quantum 
states [104]. For the is shell where I = 0 spin orbit coupling is not evident. 
The binding energies of particular atoms or molecules have been extensively studied 
and can be found in many databases. Here, the NIST database [116] and the handbook 
of X-ray photoelectron spectroscopy [114] were the primary sources of reference. It is 
important to note here that the known binding energies of atoms and molecules are 
well defined and can be used as a fingerprint identification system. However it is up 
to the scientist to determine any factors influencing an individual experiment such as 
gun energy drift, contamination, possible cross linking etc. in order to understand the 
experimental results. 
3.2.1 Deconvolution of the XPS Spectra 
By use of known standard peaks for the XPS of atoms it is possible to deduce particular 
information regarding the bonding taking place. For example, the ionic and covalent 
regions of the Fis peak of fluorine, lie in different regions, 686-687.5eV respectively [9, 
114,117-1191. When a spectra of fluorine is obtained it will consist of a combination 
of peaks within the Fis range. In reality it is possible that a spectra will contain both 
semi-ionic and covalent Fis components. It is therefore necessary to deconvolute the 
spectra to calculate the relative intensities of each bonding type. 
To do this, specific software such as XPS Peak 4 is required. It is necessary to consider 
the type of core electron being probed. In the case of carbon, oxygen and fluorine, 
studied here, the core electrons are in the s orbital shell. Therefore closest to the core 
of the molecule. The spectra will be deconvoluted using a combination of Gaussian 
peaks in most cases here, such as the Ols [90, 113, 114, 121], Fis [10, 114, 117, 119] 
and the Cis [9,90, 114,119] peaks. However, other types of peaks exist, for example 
the sulphur S2p, which requires a 70:30 Lorentzian:Gaussian peak is often used in the 
literature [122-126]. 
In principle, the shape of the peak does little to alter the relative intensity so long as the 
4XPS Peak is freely available software on the web [120], written by Raymond Kwok. 
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choice is consistent; most authors use a Gaussian peak. The peaks are then fitted within 
the software using best fit algorithm consistent with the choice of peak shape and any 
other restrictions made by the user. A fit is considered when the value of x2 < 1 and in 
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Figure 3.6: An example of the Fl Speak, fitted to a) Semi-ionic and covalent fluorine plus 
background effects, and b) multiple Gaussian peaks at 1 e spacing. 
It is important to note that any peak can be made up of an infinite number of Gaussian 
peaks. Therefore it is usual to fit with the minimum amount of peaks possible in the first 
instance. An example Fis peak is shown in figure 3.6, the peak has firstly been fitted 
using the minimum amount of peaks possible, 3 peaks. The second shows multiple 
peaks at 1eV spacing, being fitted to the same curve. Both situations make a good 
match between the fitted and the measured data. Clearly before deconvoluting it is 
necessary to have an indication of what may or may not be present on the sample, and 
fitting to the minimum peaks required is always advised. 
There may however be situations where deconvoluting of the XPS peak is not possi-
ble without further spectroscopic data. For example in the Cis peak of fluorinated 
carbon nanotubes, the binding energy of carbon to fluorine and carbon to oxygen over -
laps [9,90, 114, 117, 119]. As the samples have been functionalised with fluorine and 
atmospheric contamination of oxygen is expected, it is difficult to know how to decon-
volute the spectra. In such a case, the Cis peak is an unreliable means of characterising 
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the functionalisation, and the Ols and Fis peaks must be studied alone. 
3.2.2 Experimental and Analysis Considerations 
In order to make efficient use of the data acquired from the XPS experiments it is 
essential that the sample preparation is consistent when comparisons are to be made. 
It is also often necessary to shift the binding energies measured during the experiment 
using a well defined element. For example, shifting the maximum of the Cis peak to lie 
at a binding energy of 284.6eV, which corresponds to sp 2 bonded carbon. The Cis peak 
can only be used if it is known that the tube structure has remained intact and some 
form of confirmation technique such as Raman Spectroscopy discussed in Section 3.1 
has been performed. In the literature metals such as gold are often used for this purpose 
when Cis peaks would not be suitable. 
The XPS data can also be applied to calculate the atomic percentages of each element 
present on the sample. In these experiments the ratio of carbon to fluorine, oxygen, 
nitrogen and sulphur has provided valuable insight into the functionalisation processes 
carried out. The atomic percentages have been calculated within the software present 
from VG Scientific with a linear background used in the case of all elements studied 
here. The atomic percentages are then calculated using Al Wagner coefficients [113], 
which account for the different atomic weights and sensitivity of the particular element 
to XPS characterisation. In doing so, XPS has shown to be a valuable tool for the 
accurate and expedient determination of the CNT functionalisation. Together with the 
binding energies, atomic percentage data can be used to determine the success and 
failures of any given functionalisation process. Further spectroscopic techniques such 
as Fourier transform infrared spectroscopy (FT-IR), would also be valuable tools for 
CNT functionalisation characterisation. However, limited access to such equipment 
was available. 
3.2.3 XPS Summary 
X-ray photoelectron spectroscopy (XPS) is a powerful tool, where the incident high 
energy X-ray can probe the bonding via the binding energy of the core electrons. The 
technique can be used to accurately determine the presence of elements on a surface, 
37 
Characterisation Techniques: Spectroscopy and Electronic Device Characterisation 
the spectra for each element can then be deconvoluted to provide precise information 
on the bonding behaviour. For practical use several considerations are needed, such 
as the possibility of energy overlap between several different types of molecules, and a 
consideration of the peak shape used for fitting techniques. 
3.3 Electrical Characterisation 
After functionalisation of the CNTs, the CNTs were used as the channel for carbon nan-
otube field effect transistors (CNT FET5). To characterise the behaviour of the CNT 
devices electronic probe techniques were carried out. The CNT FETs were in turn com-
pared with standard metal oxide semiconductor field effect transistors, MOSFETs, to 
characterise their behaviour. A brief description of the MOSFET in comparison to the 
CNT FET is given before the probing method is described. 
3.3.1 Field Effect Transistors 
Field effect transistors (FETs) have revolutionised modern information technology. Due 
to advancements in semiconductor microfabrication techniques, millions of transistors 
can be created on a single chip leading to fast output speeds and high throughput of 
data handling. In particular through the development of complementary metal oxide 
semiconductor (CMOS) devices, where n-type and p-type FETs are made in parallel to 
provide logic applications. The constant demands for faster and cheaper computers 
have meant that electronic engineers have had to miniaturise the standard CMOS de-
vices according to the semiconductor technology road map, following Moore's Law [1]. 
Shown in figure 3.7 are schematic representations of a MOSFET and a CNT FET. In the 
MOSFET structure regions of highly n doped silicon, embedded in a p-type silicon wafer, 
are ohmically contacted to a source and drain electrode. The semiconductor regions are 
isolated from the gate electrode by a region of high quality thermally grown Si02, as 
shown in the diagram. When a large positive voltage is applied via the gate electrode, 
the mobile charge carriers, for this diagram electrons, form an inversion layer known 
as the channel. Electrons can then flow freely between the source and drain electrode 
via the conductive channel. 
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(a) The standard n-type FET schematic, taken from [127]. 
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(b) A schematic of a CNT FET. 
Figure 3.7: Schematic of a standard FET and a CNT FETfor comparison 
Figure 3.8 shows the characteristic outputs for both n-type and p-type MOSFETs in en-
hancement mode. Under the application of a positive bias, the n-type MOSFET begins 
to turn on. Looking to the schematic of the device structure 3.7(a) this effect can be ex-
plained by the field created by the gate electrode. When a large positive bias is applied 
at the gate the electrons in the bulk silicon are attracted towards the region, whilst the 
p-type carriers in the bulk silicon are repelled. When the gate field is sufficiently large 
the mobile electrons then form a channel bridging the two doping wells and con-
duction takes place. The reverse is true for the p-type MOSFET, whereby application 
of a large negative gate field attracts the positive p-type carriers and p-type conduction 
channel is formed [127-129]. The performance of the MOSFET depends on several 
factors, in particular the doping level, for the amount of charge carriers present and the 
field required to provide an inversion layer. The gate oxide thickness is also important 
to isolate the gate electrode but not be so thick that the required field is too high. 
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(a) For enhancement mode n-type FET 
drain current versus drain voltage, taken 
from [127]. The device is normally off. 
_IDf 
VG 
(b) For enhancement mode n-type FET 
drain current versus gate voltage, taken 
from [127]. 
(c) For enhancement mode p-type FET 
drain current versus drain voltage, taken 
from [127]. The device is normally off. 
(d) For enhancement mode p-type FET 
drain current versus gate voltage, taken 
from [127]. 
Figure 3.8: The output for both a p-type and n-type FET in enhancement mode. The 
devices are normally off. 
The operation of carbon nanotube transistors CNT FETs, is slightly different and the de-
tailed operation mechanism of CNT FETs is still an active area of research. As discussed 
in Section 2.2 carbon nanotube and electrode contacts are often found to be Schottky 
barriers and not Ohmic contacts. Also from the diagram in figure 3.7(b), the CNT FETs 
do not have an inversion layer. The channel in this case is the CNT itself, however, 
there is no region to provide the extra mobile carriers, (unless chemical doping is per -
formed). The conduction is therefore dependent upon the intrinsic CNT properties and 
the transport over the Schottky barrier. Intrinsic CNT FETs have all been observed to 
be p-type FET devices [27,85, 130]. The Schottky barrier interface is now discussed 
below. 
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3.3.2 Metal-Semiconductor Interfaces 
A useful guide to understanding the process of conduction and the energy concepts is 
the band diagram of the metal-semiconductor contact, and example is shown in fig-
ure 3.9. The figures show the band diagrams for a n-type semiconductor. The argu-
ments and solutions are however similar for p-type semiconductors. A Schottky diode 
is formed by bringing a semiconductor and a metal surface into intimate contact. At 
the interface between the semiconductor and the metal, a barrier will be formed and at 








(a) The band diagram of the metal and the 
semiconductor before contact. 





(b) The band diagram of the metal and the 
semiconductor after contact 
Figure 3.9: For a n-type semiconductor making contact with a metal. taken from [128] 
The transport of electrons across such a barrier has been a topic of intense scientific 
research for many years. By the middle of last century, the theory of current transport 
had made huge advances, and the theories produced then, still hold today. However, 
it is still the case that the current transport mechanisms are not easy to solve, and the 
precise method of conduction may at times be a complicated combination of one or 
more transport method. 
An in depth discussion of the mechanisms involved in transport across the barrier can 
be read in the textbooks by Sze [127], Rhoderick [131] and Heinisch [132, 133], which 
the interested reader is advised to consult. The information in all of these texts has 
been taken from many papers written by the leaders in this field from the early 1900s 
when the first point contact rectifiers were being used. 
The four possible processes of conduction are listed below and depicted in figure 3.10 
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{131]. 
The electrons have sufficient energy to pass over the potential barrier. 
The electrons quantum tunnel through the potential barrier. 
The electrons recombine with the holes in the space-charge region. 
The holes are injected from the metal into the semiconductor. 
Figure 3.10: Current transport mechanisms. 
In the case of a Schottky diode, the current transport is dominated by the motions of 
the majority carriers, in the n-type case, electrons and the p-type case, holes. When 
a field is applied to the Schottky diode, changes take place within the semiconductor. 
The electrons from either the semiconductor or the metal can transfer over the barrier, 
the direction of this current transport being dependent upon the applied bias. 
3.3.3 CNT Field Effect Transistors 
In the case of the CNT PETs, where the interface between the CNT and metal is a Schot-
tky barrier, the band bending effects are the dominant factor for electrical conduction. 
Shown in figure 3.11 is a description of the band bending of CNT devices. Figure 3.11 
is taken from work by the IBM group published by Derycke el at. [86] and is used to 
illustrate the difference between n-type behaviour due to the CNT/electrode contacts, 
(a) and (b) in comparison to n-type behaviour due to CNT doping (c) and (d). 
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Figure 3.11: The band diagrams of the CNTFET taken from [86] at VDS = 0. (a) bands 
of the starting p-type device in air (b) the device after annealing in vacuum. 
(c) a nanotube FET that is not out-gassed but is n-doped by potassium, (d) 
as (c) but higher dopant level. W denotes the barrier thickness for electron 
injection. 
Firstly consider the p-type device in air, figure 3.11(a), when Vcs<O the barrier is too 
large for electrons from the conduction band to contribute to conduction in the device. 
Holes however, can conduct from the valence band through the barrier. When V>O 
neither holes from the valence band nor electrons from the conduction band can travel 
over the barrier and as such the device is turned off. Therefore for the conditions 
illustrated in figure 3.11(a), a current is achieved at -Vcs and not at +VGS, indicative 
of p-type behaviour. When the contacts have been annealed, figure 3.11(b), the energy 
levels between the metal and the CNT are altered. Conversely, to the case described 
in figure 3.11(a), at V>O electrons can travel from the conduction band. At V<O 
neither holes nor electroncs are capable of passing the barrier. The device is therefore 
behaving as a n-type FET. 
Figures 3.11(c) and (d) show the effect of chemical doping. In figure 3.11(c), the CNT 
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is weakly doped. At V<O and Vü>O there is no current flow observed for this device. 
The depletion width, at the CNT metal interface, is too large for electron conduction 
at positive VGS and due to the doping, the carrier density of the holes has been sig- 
nificantly reduced. The depletion width is wide and a large negative bias would be 
required to move the high concentration of charges, therfore no hole conduction takes 
place. The barrier is too high for the holes at Vcs<O and as such there is an observed 
reduction in the overall 'd  When the CNT doping level is increased, figure 3.11(d), 
there is a reduction in the depletion region allowing electron conduction at positive 
The depletion of hole carriers has been increased, therefore hole conduction at 
negative VGs is again not possible. The device here would act as a highly n-doped FET. 
The exact conduction mechanism of CNT5 and the interface between the CNT and the 
contact electrode is still not fully understood [53] and often the litertature on the sub-
ject can offer contradictory explanations. However, considering the mechanism of the 
CNT conduction described above, which is maintained along with experimental evi-
dence [85, 86], and the difference between annealing contacts and chemical doping, 
the analysis of the current voltage characteristics for CNT devices produced are now 
discussed. 
3.3.4 Current-Voltage Characteristics 
To test the quality of the Schottky diode or an Ohmic contact, the first point of testing 
is usually the analysis of the current voltage (I-V) characteristics. The current can be 
measured as a function of voltage by making use of the HP 4165B probe table and IC-
CAP software. The I-V curve plotted is used to give an indication of the behaviour of 
the device, in particular whether or not it is field-dependent. The probe station applies 
a voltage to the relevant electrode, here the source electrode and the back gate, and 
measures the resulting current via the drain probe. Figure 3.12 shows the schematic 
representation of the CNT FET probe setup. The source, drain and gate probes are all 
clearly indicated. 
By applying the source voltage and gate voltage the measured drain current gives an 
indication of the device type allowing for the CNT device to be characterised. The 
source and drain probes are needles whilst the gate probe is the chuck holding the 
CNT device. It is important that good contact is made between the electrodes and the 
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Figure 3.12: The CNT FET probe setup. The source and drain probes are needles points 
which gently contact the electrode surface. The gate probe is the chuck. 
probe, without damaging the electrode. Especially in the case of the needle probes, 
gentle contact must be achieved. The HP 4156B probe analyser allows the outputted 
CNT device behaviour to be analysed manually in the form of a tex file. The device 
characteristics have been discussed above in Section 3.3.1 and further characterisation 
requirements will be made in the results chapters. 
3.3.5 Schottky Diode Characterisation 
The current voltage characteristics of a Schottky diode is usually asymmetrical with 
high conduction in the forward direction and low conduction in the reverse. Using the 
data from the current voltage characteristics, parameters can be extracted to determine 
the dominant mode of conduction and to test the quality of the contact produced. If 
the diodes fabricated are presumed to adhere to the thermionic emission process, the 
current voltage (IV) characteristics can be interpreted by making use of the following 
method. 
As a test of the quality of the Schottky diodes the ideality factor, 77, and the barrier 
height, OB,  of the Schottky diodes can be obtained by using the thermionic emission 





 exp tkBT) - lj 	
(3.9) 
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with I = current and V = voltage. Here q is the fundamental unit of charge 1.6x10 19C, 
kB is the Boltzmann constant, 1.38x10 23JK 1 , T = room temperature (300K) and I 
is the saturation current. 
It = SAT2exp (-E) 	(3.10) 
where S is the contact area (the area of the diodes formed), and the Richardson constant 
AS depends on the semiconductor material. The factor of 1 in equation 3.9 may be 
ignored as it is only important when V < 3kBT otherwise it is negligible. 
The extrapolated value of the logarithmic current density as a function of voltage at V 
= 0, gives the saturated current I [127, 1311, using this value, the barrier height can 
be obtained by 
kBT 1 SAT 2 \ 




which is simply a rearrangement of equation 3.10. The ideality factor i is obtained by 
taking the gradient of the 	slope on the ln(I)-V curve, and using equation 3.12. 
q /6V \ 
7) 	j;-;; 	in(I)) 	
(3.12) 
However, it has to be considered that ideal diodes are not always observed in exper-
imental work, and often it is necessary to conclude that the current transport is not 
pure thermionic emission. A hybrid of several conduction methods may be necessary 
to explain the diode behaviour[133]. It may be the case that there is a leakage current 
or significant surface defect states which may alter the expected results. In the case of 
the CNT Schottky contacts, the asymmetrical conditions are difficult to observe as we 
see two back to back Schottky contacts, which essentially act as a Schottky barrier field 
effect transistor. 
3.3.6 Field Effect Transistor Characterisation 
As discussed previously in Section 2.2 and 3.3.3, the conduction of CNT FET5 is ex-
perimentally observed to depend on the Schottky barriers at the CNT electrode in-
terfaces [53,66,68, 73],  not in a manner completely analagous to.a MOSFET as first 
thought [67, 72]. In order to characterise the Schottky barrier field dependent type 
CNT PETs it is essential to consider how this device varies from the traditional MOS- 
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FET. A Schottky barrier type device is dominated by transport through the Schottky 
barrier, for such a device the assumption of ballistic conduction through the CNT chan-
nel will accurately explain the electronic behaviour [53]. Similarly, for short channel 
(length less than 300 nm [53,73]) Ohmic contact CNT devices, conduction is domi-
nated by ballistic conductance. However, it should be noted that the exact nature of 
the CNT and electrode interface is still not fully understood nor is the exact nature of 
the conduction in the CNT channel [53]. In a conventional MOSFET the electronic 
behaviour of the device is dominated by diffusive conductance. 
3.3.6.1 The subthreshold slope 
A key difference between the Schottky barrier type CNT FET devices and a MOSFET is 
observed when considering the behaviour of the device before the device turns on when 
V93 <Vth, e.g. the switching behaviour of the device. By looking at the subthreshold 
slope S [53, 68, 73, 1271 key differences in the device behaviour are observed. 
= dV,8 	
(3.13) 
d (log ld) 
In a conventional MOSFET the thermal emission over the conduction or the valence 
band (for n-type and p-type devices respectively) determines the 'd  when there is no 
charge in the channel. There is an exponential dependence of 'd  on the gate voltage, l', 
with an exponent proportional to , so long as V is below the threshold voltage Vth. 
In a conventional MOSFET, S only depends on temperature, T, and not on any device 
specific parameters, such as the source drain voltage V, as there is an Ohmic contact at 
the source and the drain. In contrast, the short channel CNT FETs with Schottky barrier 
contacts do depend on device specific parameters as the conduction is dominated by 
the Schottky barrier. Therefore when Vd 3 is applied in Schottky barrier CNT FETs a 
change is induced in 'd  through the existing CNT channel. Thus, the subthreshold 
slope S changes with V& for CNT devices [53,68,73, 127] and does not show a large 
temperature dependence. 
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3.3.6.2 CNT mobility 
There is a big change between a conventional MOSFET and a CNT FET in the scaling of 
the device behaviour. When the channel length of a CNT device L, is long in comparison 
to the gate oxide thickness, t0 , the device will be dominated by diffusive conductance, 
similar to a conventional MOSFET, rather than the ballistic conductance stated for short 
channel devices above [53]. As discussed above, the conduction behaviour of Schottky 
barrier CNT FETs is still an interesting topic of study, with the behaviour in the device 
channel still not fully understood [53]. However, the change from ballistic conductance 
to diffusive conductance with increasing channel length for a Schottky barrier type CNT 
device, is generally considered to be 500 nm and for an Ohmic contact CNT FET device 
300 nm [53,73]. For long channel devices it is therefore possible to determine the 
carrier mobility, a [53,73] in the CNT. 
or 	
(3.14) 
In a one dimensional conductor the conductivity, o- = CL, where C is the conductance 
and L is the length of the devices. The charge density per length of the device, q = 
Cg (Vth - V), with c9 the capacitance per length, Vth is the device threshold voltage 
and V the applied gate voltage. With the channel length significantly greater than the 
oxide thickness, (which in the case of CNT FETs is a prerequisite to reach the diffusive 
conductance regime), usually greater than a few micrometers is sufficient to ensure 
uniform charge density. 
L 	C 	
(3.15) 
However, in reality it is often difficult to determine the threshold voltage accurately. 
Exactly when the device turns on, is often an ambiguous deduction. It is therefore often 
necessary to consider the field effect mobility, IaFE which is specific to the individual 
device rather than the device materials. As such, the field effect mobility also includes 
the effect of the contacts. 
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There is also a further method considering the saturation mobility / ,,, t at high voltages. 
However, for conventional MOSFETs this method is not well understood [53] and will 
not be discussed here. 
It should also be noted that there is limited information on the mobility of CNTs in the 
literature due to the difficulty in producing a device with a negligible Schottky contact 
at the CNT electrode interface. However the intrinsic mobility has been measured at 
room temperature and observed to be 100 000 cm 2 V' [73]. The CNT FETs made 
throughout this investigation have not shown saturation and appear to remain in the 
linear regime. The CNT FETs fabricated are all short channel devices with Schottky 
barriers and as such, the subthreshold characterisation is the most valid means of anal-
ysis. The subthreshold currents will be discussed in the results section along with the 
implications of the fabrication methods. 
3.3.7 Electronic Device Characterisation Summary 
The HP4156B probe analyser allows the outputted CNT device behaviour to be analysed 
manually. The electronic probes allow control over the three electrodes fabricated here. 
Provided there is a clear channel between the source and drain electrodes and the gate 
oxide is thick enough and of high quality to prevent gate leakage current, the field 
dependence of the CNTs can be determined. 
3.4 Characterisation Techniques: Conclusion 
The characterisation of carbon nanotubes is possible both chemically and electronically. 
Spectroscopic techniques such as Raman and x-ray photoelectron spectroscopy have 
allowed for the pristine and functionalised CNTs structure and chemical attachments to 
be characterised. Electronic probe techniques using the HP4156B probe analyser have 
allowed the CNT electronic behaviour to be characterised provided there is a channel 
between the source and drain electrodes and the CNTs are structurally intact. 
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Chapter 4 
Plasma Diagnostics and 
Microfabrication Techniques 
Carbon nanotube field effect transistors (CNT FETs) have been fabricated during this in-
vestigation by a combination of chemical functionalisation techniques and self-assembly. 
The functionalisation of CNTs was achieved by exposure to reactive gases within a stan-
dard reactive ion etcher (RIE), a tool which is common to the microfabrication industry. 
To understand the plasma environment and how functional groups bonded with the 
CNTs, plasma diagnostic techniques have been applied. The plasma characterisation 
methods are described in Section 4.1. 
In order to connect the nanoscale carbon nanotubes (CNTs) to the macroscopic world, 
microfabrication techniques have been applied to produce electrode structures, gate ox-
ides, and molecular stamps. Common microfabrication techniques and poly (dimethyl-
sioxane) (PDMS) stamp fabrication methods are described in Section 4.2. 
4.1 Plasma Diagnostics 
Plasmas are often considered to be the 4th state of matter. In the simplest sense, they 
are a charged gas containing both ions and neutrals, with high energy electrons caus-
ing excitation and ionisation within the plasma. The reactions which take place can be 
complicated and difficult to analyse, with the exact mechanisms of a plasma process 
often remaining unknown for the entire plasma process is coupled, and responses to 
changes of any one parameter can lead to a non-linear change in others. In recent - 
years, the ability to probe inside plasmas has lead to a more detailed understanding of 
the plasma. An explanation of the physics and chemistry within plasmas can be found 
in several textbooks [134, 1351, discussing plasmas for microelectronic processing ap-
plications. Discussions of the etch mechanisms, and the advances in the field made from 
the late seventies and early eighties, are given in several review articles [136-138]. 
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A laboratory reactor usually creates a weakly ionised plasma within which the electrons 
are able to gain far more in kinetic energy than the ions and the neutrals. A schematic 




Figure 4.1: A schematic overview of a parallel plate reactor 
The plasma is electrically driven by applying a power to the parallel plates shown in 
the figure. In doing so, the applied power preferentially heats the electrons rather than 
the ions. This is because the electrons are considerably lighter and once heated gain 
far more in kinetic energy than the heavy ions. The power is applied at the industrial 
frequency of 13.5 MHz. During each half wave cycle of the reactor, the fast moving 
electrons are attracted to the chamber walls. A negative charge then builds up at the 
chamber wall whilst the plasma becomes positively charged due to the deficit of elec-
trons. Over the next half cycle the ions are attracted to the chamber walls. However, as 
the ions are slow moving and the frequency of the applied current is so high, there is no 
significant positive charge built up on the wall before the next half cycle begins. Elec-
trons are again attracted to the chamber walls and the plasma becomes more positive. 
This continues until an equilibrium has been reached and there is a remaining potential 
difference between the plasma and the side walls. Between this area of positive and 
negative charges lies a sheath region. 
This is how the ions within the plasma reach a substrate placed within the reactor. 
The plasma is at a positive potential to all surfaces within the reactor, including any 
substrates placed on the chuck. The energetic ions are accelerated towards this sur-
face from the plasma. The energy of the ions striking the surface can be controlled 
51 
Plasma Diagnostics and Micro fabrication Techniques 
by altering the bias on the substrate chuck. The potential difference can then be in-
creased by the user. The importance of such ions within the plasma etch system must 
be considered. Due to the different geometry within plasma systems, and the subse-
quent changes to the chemical reactions caused by the use of various substrates and 
gas mixtures, the role of the ions can vary significantly between reactors. There is more 
than one mechanism defining the plasma etch process, and the complex interactions of 
the particles within the plasma region and at the surface must be considered for each 
individual system. The plasma process is discussed in more detail. 
Plasmas are formed in modern reactors by applying large electric or magnetic fields 
across a gas, which then provide the electrons with energy. It is the interaction of the 
energetic electrons, atoms and the molecules within the gas that cause ionisation and 
excitation, thus generating the reactive species responsible for the etching to occur. 
Examples of the electron impact reactions which take place within the plasma are given 
as follows [137]. 
1. Excitation (rotational, vibrational, electronic) 
Ionisation 




e+A2 --- 2A+e 
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Probe diagnostics are crucial to the understanding of plasma functionalisation tech-
niques. Probes are employed in order to understand how the parameters involved in 
the plasma formation affect any individual reactor. Doing so allows for reproducibility 
of results and the complexities of the processes involved to be solved. Two probes which 
are commonly used in plasma diagnostics and were available for this investigation are 
the Langmuir probe and optical emission spectroscopy (OES). The methods used to 
extract the relevant information with each of these probes are detailed in this section. 
4.1.1 The Langmuir Probe 
As a simplified approximation, the Langmuir probe consists merely of a wire placed 
inside the plasma, the workings of such a probe are discussed in review articles and 
textbooks [134, 135, 137, 139]. The probe itself will create a sheath region surround-
ing itself and as such will locally distort the plasma. The effect of this, however, is 
considered to be minimal, and is accounted for in the software used to take such mea-
surements [140]. A voltage is applied across the probe and the resulting current is 
measured. By the direction of the applied bias, either +ve or -ye, the probe will draw 
upon the electron or the ion current respectively. The Langmuir probe can uncover 
many of the electrical plasma properties by interpreting the current-voltage (I-V) char -
acteristics of the plasma which are plotted from the probe measurements. Figure 4.2 
shows an example of the I-V curves which can be extracted [140] by Langmuir probe 
measurements. 
Here the Smart Probe from Scientific Systems [140] was used. The probe scanned the 
plasma at various predefined points within the reactor for a set period of time at the 
etching conditions used during the parameter scans. By varying the voltage across the 
tip from -95V -+ +95V and measuring the resulting current, the software provided by 
Scientific Systems could deduce properties of the plasma in a relatively non-intrusive 
way. The ion current density was outputted from these measurements and used to 
determine the role of the ions in the plasma functionalisation process. 
53 




Figure 4.2: A typical example of a Langmuir probe J-V characteristic. 
4.1.2 Optical Emission Spectroscopy 
Optical emission spectroscopy (OES) is a powerful and non intrusive tool, which can 
be used to study the atomic densities of reactants within the plasma [134,135, 137]. 
By using OES here, the concentrations of fluorine within the plasma gas mixtures were 
calculated. The spectroscopic details of an element are unique and although it is not a 
trivial matter to distinguish one atom or element from another, this branch of science 
is well developed and emission spectra information can be accurately linked to the 
corresponding element or molecule. 
The actrinometrical technique used here required the addition of an inert tracer gas to 
the plasma, in this case the gas used was argon. In order for the actrinomical technique 
to be successful, the emission of the inert gas must arise from an energy level in close 
proximity to the excited state giving rise to the species under study [137]. After striking 
the plasma, the optical emission spectra was read out into a photo multiplier, using the 
SR 400 Jobin-Yvon double grating spectrometer, enhanced by a GaAs photo multiplier 
tube, where the data was fed into the relative software package. An example of the 
emission spectra is shown in figure 4.3 
The lines under investigation were argon at 751m and fluorine at 704nm. The spectro-
scopic data was read into an Excel file where the areas under the peaks were calculated 
by integration, the result being the amplitude of the line. The relative fluorine concen-
trations were then calculated as follows [1411: 
Fpressure 
Amplitude of F2 - line 
= X (Ppi Amplitude of Ar - line 	asma ) 
X 0.81 	(4.1) 
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Figure 4.3: An example of the optical emission spectra observed. 
where 
P1 arnsa = (Ppiasma with Ar) - (Ppiasma without Ar) 	(4.2) 
All of the pressures above were measured in Pascal. The data was used to give an 
indication of the concentration of the fluorine species present within the plasma during 
the functionalisation process. Further discussion of the radical species in the plasma 
will be made in Chapter 5.3.2. 
4.1.3 Plasma Diagnostics: Summary 
A combination of Langmuir probe and optical emission spectroscopy measurement of a 
plasma environment can characterise the role of the ions and radicals in a plasma sys-
tem. The plasma diagnostic tools are non-intrusive and effective means of determining 
how functional groups attach to the CNT sidewalls. 
4.2 Microfabrication 
Standard cleanroom fabrication techniques were employed throughout this work to 
contact the carbon nanotubes electronically to the macroscopic world for study of their 
physical behaviour. As the CNTs are inherently on the small scale they are difficult to 
probe directly without a specialised equipment such as a modified atomic force micro-
scope. A minimum feature size for a contact electrode for manual probing is 100/Lm 2 , 
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which can be produced by either optical or e-beam lithography. The patterning of PDMS 
stamps used here also required lithographic patterning of a silicon wafer prior to the 
formation of the stamp itself. The lithographic methods are discussed in the following 
sections along with the metallisation techniques and standard PDMS stamp fabrication 
method. 
4.2.1 Electrodes 
The first stage in the fabrication of electrodes required the lithographic patterning on 
to a substrate surface. Figure 4.4 shows schematically the process flow for patterning 
the substrate surfaces. The metal is then deposited onto the surface and the excess 
removed by a process known as lift-off, figure 4.5. The standard procedures for the 
Lithographic patterning of substrate surfaces are listed below. 
4.2.1.1 Optical Lithography 
Optical lithography is useful when the minimum feature size to be patterned is greater 
than 1m [142]. It is a fast and efficient means of transferring patterns to a wafer 
surface as usual exposure times are 15 seconds with development times of only a few 
minutes. 
A blank silicon or silicon dioxide substrate is cleaned in acetone and IPA with 
gentle sonication. 
The substrate is spin coated with resist, SPR2 from Shipley, at 5000 rpm for 40 s. 
A vacuum syringe was used with a 0.2 pm filter to avoid particle contamination. 
The resist thickness was 1 pm. The substrates were then soft baked on a hot plate 
for a minimum of 1 minute at 90 °C. 
The substrate is exposed to the Cobilt mask aligner using a chromium mask plate 
for 15 5. 
The samples are developed for 60 s by stirring method in 351 developer from 
Shipley, requiring a 3.5:1 solution of water:developer immediately followed by a 
stop bath of clean water for 1 minute. 
56 
Plasma Diagnostics and Micro fabrication Techniques 
6. The samples were exposed to a 40 sccm oxygen plasma for 10 s to produce an 
undercut. 
Resist: photo or E-beam 
Silicon 
Photomask plate or region 





Resist is developed 
Silicon 
Figure 4.4: The schematic process flow for the lithographic patterning of a substrate 
4.2.1.2 E-beam Lithography 
E-beam lithography is identical in process to Optical lithography, in the sense that a 
resist is patterned via exposure to radiation. As such figure 4.4 and 4.5 are also valid 
descriptions for the E-beam lithography process. E-beam exposure becomes essential 
when the minimum feature size to be patterned is less than 1 pm [142]1.  In contrast 
to optical lithography the E-beam exposure process is the time limiting step as the 
exposure takes place via a single electron beam scanning over a predefined field size, 
which can at times be less than 100 pin 2 . The E-beam must scan over the entire chip 
or wafer, which for a 4 inch wafer results in many fields. The pattern, analogous to the 
1 1n most university cleanroom facilities. However, it should be noted that recent advances in Lithog-
raphy common to industry fabrication centres can produces submicron features as standard with optical 
lithogrphy techniques. 
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mask in the optical process, is fed into the e-beam writer by means of an electronic file, 
usually in GDSII format. The beam then scans and exposes according to the pattern 
instructions. 
A blank silicon or silicon dioxide substrate is cleaned in acetone and IPA with 
gentle sonication. 
The substrate is spin coated with PMMA resist at 5000 rpm for 40 s. A vacuum 
syringe can be used but is not always essential as often e-beam resists are thicker 
than their optical counterparts. 
The resist thickness was 1 pm. The substrates were then baked in an oven in inert 
N2 atmosphere for a minimum of 1 hour at 170 °C. 
The substrate is exposed to the E-beam. Here the Joel JBX-5FE was used. 
The samples are developed for 60s in an MIBK:IPA mixture, (1:3) ratio before 
being placed in a stop bath of IPA. 
4.2.1.3 Metallisation 
To make the final electrodes the patterned substrate is placed into a metal deposition 
chamber, either an evaporator or sputterer. Evaporation can be split into two main 
divisions, thermal and e-beam. A thermal evaporator works by applying a large current 
across a tungsten filament containing the electrode metal to be deposited, thermally 
heating a metal. Likewise, the e-beam evaporator uses an electron gun fired at a metal 
target, to heat the metal. Both evaporation methods result in metals becoming so hot 
that they vapourise. The evaporated metals will strike the surface of the sample at close 
to 90° if the sample positioning is correct, see figure 4.5, making metal lift-off processes 
possible. 
Sputtering methods are slightly different in the sense that a metal target is bombarded 
with energetic ions causing the metal ions to bounce off the source. In such a situation 
the metal ions strike the sample surface in all directions making metal-lift-off processes 
difficult to achieve. Sputtering is therefore more suitable to producing back Ohmic 
contacts, or a blanket metal layer which can be patterned by etching over the metal. 
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Figure 4.5: The schematic processflowfor metalisation 
Listed below are the main steps in metallisation used here, where lift-off has been 
achieved: 
A lithographically patterned substrate is placed into the evaporator. Preferably 
the resist has a slight undercut. 
The metal is deposited at right angles (approximately) to the substrate surface. 
The substrate is submerged in acetone to dissolve the resist; ultrasonication can 
be performed if required. 
The substrate is then cleaned in acetone and IPA. The metal above the resist has 
been removed by the acetone. Only the metal making contact with the substrate 
surface is left. 
Several considerations are needed in the metallisation process. For instance, thermal 
evaporation is only possible for metals with a relatively low evaporation point, such 
as aluminium, gold and nichrome, as there are usually limits to the current driving 
abilities of the evaporator, preventing sufficient heat to be created. Also, it is difficult to 
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stick gold to Si02 substrates, and as such a sticking layer, usually chromium or titanium 
is required. 
In the final stage of lift-off where sonication can be applied to assist the acetone in 
the resist dissolving stage, care must be taken to avoid ragged edges of the electrodes 
as the sonication can sometimes be too aggressive. However, metal lift-off techniques 
are relatively simple, fast and effective ways of creating high quality contacts for CNT 
electronic characterisation. 
4.2.2 PDMS Stamps 
Molecular stamping techniques have been applied for the self-assembly of carbon nan-
otubes. Poly(dimethylsiloxane) (PDMS) stamps have been fabricated following similar 
procedures to those in the literature [40,41], shown schematically in figure 4.6. To pro-
duce a PDMS stamp a silicon wafer was originally patterned by lithography as shown 
for the electrode fabrication in Section 4.2.1. 
Lithographically patterned resist 
- 	 - - 
Silicon 
TMAH etched Silicon 
Fluorocarbon layer - 
Spun PDMS 
Figure 4.6: The scliernaric formation of a PDMS stamp 
1. A lithographically patterned substrate is etched with TMAH to produce a smooth 
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sloped sidewall etch profile. 
A fluorocarbon layer was deposited by spin coating over the etched substrate. 
The degassed PDMS was spin coated over the wafer at 100 rpm. 
The stamps were then cured at 120°C for at least 2 hours. 
The PDMS stamp can then be easily removed from the wafer and cut via a knife 
to the required size for the molecular stamping. 
The PDMS used was the commercially available Sylgard 184. The base and curing 
agent were mixed together thoroughly at a weight ratio of 10:1 respectively [40, 41, 
143, 144]. After mixing the PDMS was placed in a vacuum chamber and completely 
degassed. The fluorocarbon layer prevents the PDMS stamp from sticking to the wafer 
surface and as such reduced the number of defects found on the stamp surface after 
removal. 
4.2.3 Microfabrication Techniques: Summary 
The microfabrication techniques described here have been critical for the probing of 
CNT electronic behaviour. Although the techniques described are not conceptually 
complex, it is necessary to appreciate that these techniques have been refined and de-
veloped over several years. In any experimental procedure reproducibility is crucial for 
successful device production, as such the described techniques are excellent for the CNT 
device characterisation as the procedures are well developed and known to be highly 
reproducible. 
All techniques described are standard within the semiconductor device industry and 
research fields and are performed in a cleanroom environment to minimise contamina-
tion and increase reproducibility. As such it is essential to make CNT device structures 




Plasma Fluorination of Carbon 
Nanotubes 
As discussed in the introduction, carbon nanotubes (CNT5 or SWNTs) have been func-
tionalised by several groups to improve suspension and to control the electronic be-
haviour. However, one of the problems with some functionalisation methods was the 
damage caused to the CNT structure, as well as the length of time required for the 
functionalisation procedure to take place [8-10, 34]. 
In the following chapter a CNT functionalisation process has been developed by short 
time exposure to fluorine based plasmas. An emphasis is given to the control of the 
fluorination process used here as it is hypothesised that functionalisation will create a 
chemical interaction between the CNTs and a functional attachment, thereby allowing 
control of the electronic properties of the CNTs. 
Fluorine is a useful functionalisation element for carbon nanotubes due to the high elec-
tronegativity making the C-F bond easy to achieve and also strong and stable. The high 
reactivity also makes fluorine useful for further manipulation, as the correct choice 
of reaction agents can be used to substitute fluorine for other molecules. In Chap-
ter 6, plasma fluorinated CNTs will be further functionalised with amine containing 
molecules. The electronic characterisation of plasma fluorinated CNTs will be corn-
pared to the amine functionalised CNTs in Chapter 6. In the meantime the following 
chapter will discuss the fluorination of CNTs and the mechanism of attachment in the 
plasma environment. 
5.1 The Fluorination of Carbon Nanotubes, a Brief Review 
A thorough review of CNT fluorination procedures up to the start of this investigation is 
given by Valery [8]. The highlights involved the method proposed by Mickelson showing 
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control on the resulting CF stoichiometries by altering reaction time and temperature. 
The fluorination process was seen to be reversible by exposure to hydrazine [10]. The 
nature of the fluorination on the CNTs was studied by Kelly et al. [145] where Scanning 
Tunnelling Microscopy (STM) had shown sharp bands of CNT-fluorination regions. 
Two mechanisms of the fluorination were observed, the 1,4-isomer; where the fluo-
rine bonds to the carbon at positions 1 and 4 on the benzene ring, and the 1,2-isomer, 
similarly explained. The known stoichiometry control and the band forming fluorina-
tion structure was later exploited by Gu et al. to produce F-CNTs at CF0.2 stoichiometry. 
These F-CNTs were then pyrolyzed in argon removing the F as CF 4 and COF2 (confirmed 
by in-situ FT-IR), leaving reduced length CNTs, i.e. the CNTs were cut in a controlled 
fashion. The fluorination is seen to be useful for improving the suspensions of CNTs and 
controlling the length. However, the functionalisation processes can also be damaging 
to the CNT structure, whereby at stoichiometry C2F, CNT5 are known to break down 
structurally [10]. 
5.1.1 Plasma Fluorination of Carbon Nanotubes 
The methods employed here involved plasma functionalisation of CNTs usually occur-
ring in several minutes and with limited damage to the structure of the nanotubes. The 
initial motivation for the plasma fluorination came from the observation in traditional 
plasma etching process used in the microfabrication of electronic devices, plasma expo-
sure would often result in a fluorine rich carbon film on substrate surfaces [117, 146]. 
The fluorination of CNTs with a plasma began firstly with use of a CF 4 plasma using 
a Vacutec reactive ion etching system. The use of a CF 4 plasma as a functionalisa-
tion process for CNTs has become more common since the publication of our initial 
study [17,181 and several authors have found similar functionalisation achievements 
using such a plasma [11, 131. Other plasma functionalisation methods have also been 
developed, namely by Khare et al. [147, 1481, where H2 groups were attached to CNTs 
by plasma exposure. 
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5.2 Carbon Nanotubes Functionalised in a CF4 Plasma 
5.2.1 Experimental Setup of Fluorinated Plasmas 
Single wall carbon nanotubes, (CNTs), from Carbon Nanotechnologies Inc, were pre-
pared by dispersion in isopropanol (IPA), at a concentration of 5 mg of CNTs to 15 ml of 
IPA, using a magnetic stirrer for 2 hours at room temperature resulting in the formation 
of a thick black paste. The dispersion was then filtered through a 2im polytetrafluo-
roethylene (PTFE) filter membrane from Millipore under vacuum and left to dry for 24 
hours at room temperature, resulting in the formation of bucky papers on top of the 
PTFE membranes. Subsequently, the samples were exposed to C1 74 plasmas with 20 and 
40 sccm flow rates for 30 s, 1 and 2 minutes in a Vacutec reactive ion etcher (R.I.E), 
with a chamber pressure of 0.15 Pa at 20 sccm and 0.196 Pa at 40 sccm. All samples 
were exposed to the plasma with a DC bias of 300V. 
A comparison was then made between a CF4 plasma and an SF6 plasma as a means 
of functionalisation at various reactor conditions outlined in Table 5.2. The plasma 
conditions were characterised with optical emission spectroscopy (OES) and Langmuir 
probe measurements, as described in Chapter 4. The mechanism of fluorine attachment 
to the CNTs is discussed. To characterise the CNTs after exposure to a plasma, Raman 
spectroscopy was initially used. The Raman spectra of carbon nanotubes is known to 
have a distinctive shape as discussed in Chapter 3.1 and was therefore a useful first step 
to assess whether the plasma environment was too aggressive for the tubes to remain 
intact. 
5.2.2 CF4 Plasma Exposed CNTs: The Raman Spectra 
The Raman spectra of the control and C1 74 plasma exposed carbon nanotubes (CNTs) 
are shown in figure 5.1. The shape of the spectra remains unchanged throughout the 
parameter scans with the intensity of the lines being altered. Both the G-line (at around 
1580 cm -1 ) corresponding to sp 2 bonded carbon, characteristic of the C-C bond in 
carbon nanotubes and the D-line (at around 1375 cm -1 ) corresponding to sp 3 bonding, 
relating to scattering defects in the CNT samples are evident in the spectra. 
The data shows strong agreement with previously reported Raman studies of CNTs [121, 
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Figure 5.1: The Raman spectra of a typical control and a typical CF4 plasma exposed CNT 
samples 
149-1521. Furthermore, the Raman spectra are characteristic of CNTs when compared 
with the Raman spectra of amorphous carbon, glassy carbon and carbon black [149]. 
5.2.3 The D/G Ratio 
The relative intensity ratios of the D to G-bands shown in figure 5.2 give an indica-
tion of the degree of disorder in the carbon nanotubes. The weak D band at approxi-
mately 1300cm -1 has previously been correlated to the extent of sidewall functionali-
sation [121], it is highly likely that the same effect occurs on our samples. The general 
trend is that as the flow rate of the gas increases, a larger degree of disorder, function-
alisation is observed. Moreover, exposing the carbon nanotubes to CF 4 plasma for 2 
minutes results in a larger degree of disorder compared to exposure for 1 minute. It 
should be noted here that the G-band has stayed strong throughout indicating that a 
large proportion of ordered nanotubes remain. 
It has been reported that energies up to 100 keV are necessary to damage the tubes [153] 
and at 300 eV, the energies involved in the plasma process, the nanotubes would not 
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Figure 5.2: The ratio of the D-band to the G-band as a function of CF4 plasma exposure 
conditions. Over all conditions the D.C. bias was held at -300 V 
have been damaged although they may be slightly modified. The processes involving 
either fluorine or oxygen attachment in other work has caused the Raman spectra to 
alter significantly [9, 10, 118, 12 1 ], with broadening of the D and G peaks. 
5.2.4 Scanning Electron Microscopy of the CNT Surface 
In these experiments, due to the short reaction times and the reaction mechanism, 
plasma exposure appears to be a fast and reliable method of fluorinating CNTs without 
loss of structure. SEM images of the control sample and the CF 4 plasma functionalised 
CNTs is shown in figure 5.3. Little difference is observed between the two samples 
further indicating that little damage has been caused to the CNT surfaces. 
5.2.5 CF4 Plasma Exposed CNTs: The XPS Spectra 
The presence of fluorine on the carbon nanotube surfaces was investigated by x-ray pho-
toelectron spectroscopy (XPS) as described in Chapter 3.2. Emphasis has been placed 
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Figure 5.3: SEM images of typical control and CF4 plasma exposed samples 
on the Fis peaks although the Cis and Ols peaks have also been recorded. Due to the 
nature of the carbon and oxygen peaks it is difficult to determine exactly how a useful 
and valid deconvolution would be carried out as both of these elements can be due to 
atmospheric contaminants. The deconvolution of the Cis peak is also further compli-
cated by the overlapping binding energies of the C 1 F, and CmOfl species. The fluorine 
present on the CNTs is only possible due to the plasma exposure, therefore making the 
Fis peak a valid means of analysis. 
5.2.6 Deconvolution of the XPS Spectra: The Cis Region 
All the core level spectra of the plasma exposed samples have been analysed by decon-
voluting with Gaussian peaks after subtraction of linear mode backgrounds. Figure 5.4 
and 5.5 show the normalised Cis and Fis spectra of the control and CF 4 plasma ex-
posed tubes. 
From figure 5.4, it can be seen that the signals from the sp 2 C-C bond correspond-
ing to CNTs dominate the Cis spectra in the control and plasma exposed tubes. The 
control sample spectra observed is similar to those found for pristine nanotubes by 
other authors [90,118]. A slight broadening is observed at the higher binding energies 
for the CF 4 plasma exposed sample. Because of the presence of fluorine detected on 
our CF, plasma exposed nanotubes, see figure 5.5, the high energy peaks in the Cis 
spectra are thought to be mainly due to fluorinated carbon rather than to C=O and 
O-C=O [9,10,118,121]; due to the known strong electronegativity of fluorine a C-F 
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Figure 5.4: The Cis peaks of the control sample and the CF4 plasma exposed sample 
bond is thought to be more favourable to a C-O bond'. However, due to the overlapping 
energies it is non-trivial to distinguish which peaks belong to fluorinated or oxygenated 
carbon species. 
Apart from the main Cis component peak at 284.6 eV there is the sp 3 C-C [121] Gaus-
sian peak at 285.6 eV as well as peaks observed at 287.1 eV, 289.8 eV and at 292.4 eV 
which may correspond to CF, CF2. CF 3 [9] or C-O, C=O and O-C=O [118, 121]. The 
peak observed at 288 eV may also be due to a contribution from the CHF bonds [114], 
or have arisen due to C2F bonding [119], or indeed, be a combination of both. The Cis 
spectra of the control sample may be similarly deconvoluted. The sp 2 . and sp3 carbon 
will be present along with components from oxygenated species at high energy. 
5.2.7 Deconvolution of the XPS Spectra: The Fis Region 
The normalised Fis peaks, figure 5.5, show the presence of fluorine on the bucky papers 
is only detected on the CF 4 plasma exposed tubes. The nature of the carbon to fluo-
rine bonds (C-F) has been analysed by deconvoluting the Fis peak of the CF4 plasma 
'Evidence of this effect has been observed whereby CNTs were exposed to an 02 plasma in the Vacutec 
RIE. As the reaction chamber was not sufficiently clean residual F-species were observed. This is discussed 
later in Section 5.3.3. 
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Figure 5.5: The Fis peaks of the control sample and the CF4 plasma exposed sample 
Both semi-ionic (at 685.5 eV) and covalent (at 687.5 eV) C-F bonds [117, 119,154], 
have been clearly observed. There is also a third peak observed in the Fis spectra of the 
C17 4 plasma exposed nanotubes at 689.2 eV, possibly due to the presence of p(CF2 =CF2) 
bonds [114]. The occurrence of the fluorinated carbon bonds is believed to be due to 
the C174 plasma chemistry [155-157]. 
5.2.8 The Semi-ionic and Covalent Fis Regions 
As it is difficult to determine the precise contribution from different types of carbon 
fluorine bonds, e.g. the CF2 binding energy is very close to CF3 in the Fis spectra [119], 
a useful means of characterising the Fis region is to calculate the ratio of the semi-ionic 
and covalent contributions. The intensity ratios of semi-ionic and covalent C-F bonds 
(Isemi_io;zic/Icovaient ) from the CF4 plasma exposed CNTs are shown in Table 5.1. 
It is noticed that the presence of covalently bonded C-F increases as the C1 74 gas flow 
rate is increased during C1 7 4 plasma exposure and/or with increase of exposure time. 
The smallest ratio is observed for the highest C1 74 flow rate and maximum exposure time 
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Flow rate 20 sccm 40 sccm 
time (mm) 
1 	0.888 	0.848 
2 	0.810 	0.639 
Table 5.1: Isemi—ionic/Icovalent  intensity ratio for the C-F bonds 
under study. This observation is commensurate with the fact that covalently bonded C-F 
occurs when the localisation of 7r electrons of the C atoms increases strongly as a result 
of an increase in the F density, causing the F atoms to get closer to the C atoms [118, 
119]. The position of the Fis peak will be discussed again later in Section 5.3.3. 
It should be noted that the Fis and Cis peaks observed during this study are similar 
to those found during the fluorination of CNTs by An et al. [118] at low temperatures 
(150°C) where the CNTs had an F/C ratio < 0.5. The highest F/C ratio found in our CF 4 
plasma exposed CNTs has been 0.22, which is less than the theoretical and experimental 
saturation stoichiometries of C2F [10] or CF0 5 [118], thus indicating the possibility 
that the F atoms are chemisorbed at the outer surface of the CNT wall [118, 119]. 
Here a level of control in the fluorination procedure has been achieved by altering the 
conditions of the plasma exposure. Due to the low stoichiometries and preservation of 
the structure of the CNTs observed it is possible that during the short plasma exposure, 
only the reactive sites, or defect sites, of the CNTs are functionalised. 
5.2.9 Summary: CF4 Plasma Functionalisation 
In summary, the effect of changing CF4 plasma exposure parameters and the resulting 
changes to the single-wall carbon nanotubes has been studied. Raman spectroscopy 
results indicate that the modifications to the CNTs structure have been subtle and that 
the structural integrity of the tubes has been maintained. The macroscopic appearance 
of the CNTs before and after plasma exposure, are shown to be similar from the SEM 
images. 
X-ray photoelectron spectroscopy has shown that fluorine can be attached to CNTs using 
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a CF4 plasma. The intensity ratio of 'semi—ionic/'covalerit  of the Fis peak is seen to 
decrease upon the increase of flow rate of the plasma gas and exposure time of the 
samples to the C174 plasma, showing that the fluorination process is sensitive to the 
reactor conditions. The low F/C ratios of the CNTs confirm that the fluorination process 
has not yet reached saturation. 
The results indicate that exposing CNTs to a short plasma exposure process can cause 
functionalisation of the carbon nanotubes without damaging the unique CNT structure. 
5.3 The Comparison of CF 4 and SF6 Plasma 
The comparison between a CF4 plasma and an SF6 plasma as a means of function-
alisation was achieved by studying the CNTs exposed to various reactor conditions 
outlined in Table 5.2. Bucky papers were prepared as described in the experimental 
Section 5.2.1. The mechanism of the fluorine attachment is studied by a comparison 
of the CNTs surface using XPS and Raman spectroscopy and the characterisation of 
the plasma generated at the different reactor conditions, using both optical emission 
spectroscopy (OES) and Langmuir probe measurements discussed in Chapter 4.1. 
It should be noted that the flow of the S1 76 gas is kept to 20 sccm as opposed to 40 
sccm of the CF4 plasma. Due to the heaviness of S1 76 gas a higher R.F. power is need 
to dissociate the feed stock as a successful plasma mixture. The matching of the system 
is critical in order to effectively and accurately characterise the reactor behaviour. As 
such at a flow rate of 20 sccm S1 76 the plasma environment is similar to that of the CF 4 
plasma at 40 sccm with power required and measured bias voltages. 
5.3.1 CF4 and SF6 Plasma Exposed CNTs: The XPS Spectra 
The Fis region of CNTs exposed to the CF4 plasma, the SF6 plasma and the unexposed 
control sample are shown in figure 5.6. The Fis peak of the CNTs functionalised in the 
C174 plasma and the S17 6 plasma have been deconvoluted using XPS software. The tubes 
functionalised with CF 4 plasma require two large Gaussian peaks to obtain a good fit 
with the measured data, one at 686 eV in the semi-ionic region and another at 687.5 
eV [114, 1191 in the covalent C-F bonding region, over all exposure conditions. 
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CF4 SF6 
Flow (sccm) Bias voltage (V) Time (s) Flow (sccm) Bias voltage (V) Time (s) 
10 -200 60 10 -200 60 
20 -200 60 20 -200 60 
30 -200 60 30 -200 60 
40 -200 60 
40 -0 60 20 -0 60 
40 -300 60 20 -300 60 
40 -400 60 20 -350 60 
40 -200 30 20 -200 30 
40 -200 120 20 -200 120 
40 -200 180 
Table 5.2: Reactor conditions of the Vacutec RIE system. 
The CNTs functionalised in SF6 plasma however need only one large peak at 687 eV, 
towards the covalent region of the Fis spectra to fit the measured data, again over all 
exposure conditions. The broad low intensity peak at 689.5 eV is present after both 
functionalisation procedures and is thought to be due to weak sputtering effects within 
the plasma environment. 
5.3.2 CF4 and SF6 Plasma Exposed CNTs: The Attachment Mechanism 
The possible mechanism for this behaviour has been studied using OES and Langmuir 
probe measurements. The results from the OES have been used to calculate the fluo-
rine pressure within the reactor using an actinometry technique described previously in 
Chapter 4.1. 
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Figure 5.6: Typical Fis peaks of the control, CF4 exposed and SF6 exposed samples 
5.3.2.1 Plasma Diagnostics 
The fluorine pressure as a function of bias voltage is shown in figure 5.7(a). The result 
at 0 V bias refers to only the flow of SF6 and CF 4 process gases respectively, as the 
plasma environment could not be maintained without application of a bias voltage; 
therefore no fluorine radicals are produced. 
The OES results show that there is a higher concentration of fluorine within the SF6 
plasma than the CF 4 plasma over all conditions, even though the actual flow rate 
is 20 sccm for the SF6 gas and 40 sccm of CF4 . The fluorine pressure increases by 
7.32x10 4Pa in the SF6 plasma and 1.31x10 3Pa in the CF4 plasma, as the bias volt-
age is increased from -200 V to -350 V and -400 V respectively. 
The ion current density (13,  as a function of bias voltage is shown in figure 5.7(b). The 
results at 0 V bias again refer to the flow of the process gases whereby the ion current 
density in the reactor falls to zero. The ion current density is seen to be higher in the SF 6 
plasma at 200 V, although at -300 V and above the CF 4 plasma produces a higher ion 
current density by approximately 0.01 mA/cm 2 . The difference in l i at higher voltages 
is small compared to the difference when the reactor was held at 200 V, at which the I 
in SF6 was 0.03 mA/cm 2 greater than in the CF 4 plasma. As the bias voltage increases, 
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Figure 5.7: The plasma conditions as measured by OES and LP plasma diagnostics. The 
fluorine pressure and ion current densities are shown as a function of bias 
voltage. The CF4 flow rate is 40 sccm, SF6 flow rate at 20 sccm 
the overall I, increases for both plasma compositions, although the SF6 plasma shows 
less bias voltage dependence. 
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5.3.2.2 CNT Surface Characterisation 
The ratio of F/C attached to the CNTs as a function of bias voltage is shown, fig-
ure 5.8(a), from the XPS data collected 4 weeks after the functionalisation procedure 2 . 
The F/C ratio is higher in the S176 exposed CNTs at low bias voltages although it ap-
pears to saturate at 300 V after which there is little increase in I. The functionalisation 
process used here is sensitive to the reactor conditions, and there is a required bal-
ance between the amount of fluorine available and the ion current density to allow for 
successful attachment. The increase in the F/C ratio seems to depend both on the ion 
current density increase and the increase in fluorine pressure. The C1 74 exposed CNTs 
show the highest F/C ratio of all at 400 V at which point I. and F-pressure have both 
increased. However, the F-pressure is ultimately higher in the S1 76 plasma leading to the 
conclusion that the F/C ratio shows more of a dependence on I. 
The binding energy of the C-F bonds, going from semi-ionic to covalent in the Fis peak, 
is thought to depend primarily on the amount of fluorine available, where a higher 
fluorine pressure in the SF6 plasma has resulted in a more covalent C-F bond over 
all reactor conditions. In Section 5.2.2 and previous work [17] it was observed that 
within a CF4 plasma, the intensity ratio of 'semi—ionic/'covalent  in the Fis peak decreased 
with an increase in the CF4 gas flow. The F-pressure in the C1 74 plasma never reaches 
the F-pressure achieved in the S1 76 plasma, see figure 5.7, over all reactor conditions, 
thus always requiring a semi-ionic and covalent Fis peak component and never only a 
covalent bond component as is the case for the SF6 exposed CNTs. 
The percentage of oxygen attached to the CNTs is also investigated byXPS, figure 5.8(b) 
and again the results taken 4 weeks after functionalisation are shown. The oxygen 
present here is due to contamination from the atmosphere. It is observed that the oxy-
gen to carbon ratios are higher in the CF4 plasma exposed CNTs and reach a saturation, 
similar to that observed for the F/C in the S176 plasma exposed CNTs. It is proposed 
that the oxygen is bonded to the CNTs via surface attachment at ion induced defect 
sites as the oxygen ratio increases with bias voltage. The tubes exposed at 0 V and 
the control sample display oxygen due to defect sites already present on the CNTs after 
manufacturing as well as to the bucky paper preparation process. 
'The latter data is presented as it is believed that during the time interval elapsed at exposure to 
atmosphere any oxygen bonding to the CNTs at plasma induced defect sites will have taken place. 
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Figure 5.8: The surface characteristics of the CNT bucky papers as a function of bias volt-
age. The CF4 flow rate is 40 sccm, SF 6 flow rate at 20 sccm 
The Fis spectra have been observed to remain unchanged with time, with the binding 
energies constant and hence it is concluded that the fluorine is well attached to the 
nanotubes. It is interesting to note that for all CNTs exposed to a plasma environment, 
the atomic percentage of oxygen increased over time. It is likely that oxygen from the 
atmosphere has bonded to the CNTs via defect sites created by the ion bombardment 
during the plasma exposure. The 0/C ratio closely follows the trend observed for the 
ion current density, see figures 5.7(b) and 5.8(b). For example, the 0/C ratio is higher 
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for the C174 exposed tubes than the S176 exposed at bias voltage conditions above -300 
V DC bias, figure 5.8(b) in agreement with the higher I i present in the CF4 plasma, 
figure 5.7(b). 
It is noted that there is no possibility of further F-attachment as no further fluorine 
exposure has taken place, and the atmosphere would be unable to produce such an 
effect. However, it may be the case that for the S1 76 exposed CNTs, which were exposed 
to a higher F pressure throughout the scan, the fluorine attached to defect sites made 
by the plasma, limiting the remaining regions for atmospheric oxygen to attach. 
5.3.3 The Position of the Fis Peak 
The position of the Fis peak as discussed in the previous sections, is indicative of the 
covalencey of the bond between the carbon and the fluorine. The plasma feed stock 
gas drastically alters the position of the Fis peak, with a higher F content resulting in a 
move covalent C-F bond, shown in figure 5.9. 
It is noted that in the case of the 02 feed stock gas there is still an ionic Fis component 
present on the CNT surface, even though no fluorine feed stock gas was used. The 
percentage value of F on the surfaces in this case is very small. It is presumed that the 
reactor sidewalls were not completely clean and therefore it was still possible for small 
amounts of fluorine present in the reactor to have been sputtered from the reactor 
sidewalls and to attach to the CNT sidewalls. Due to the high electronegativity of 
fluorine even small percentage amounts in the plasma environment will easily attach to 
the CNTs. 
The higher fluorine pressure in the S1 76 plasma has led to a more covalent Fis peak 
than the C174 plasma exposure. However, by using a conductive substrate the Fis peak 
shifts higher to an even more covalent region in the case of the S176 plasma. Presum-
ably this is due to the positive fluorine ions in the plasma being more attracted to the 
negatively biased CNT surface and having a higher acceleration through the plasma 
sheath region, when conductive substrates are used. Along with the ionic Fis peak in 
the oxygen plasma, the evidence points strongly towards covalent Fis occurring with 
higher fluorine pressure in the plasma. 
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Figure 5.9: The F1  peaks for altered plasma feedstock gases. All samples were exposed to 
the plasma at -200 V bias for 1 minute. In the case of the 02 and CF4 plasma 
the flow was 40 sccm, whilst for the SF6 plasma 20 sccm. 
Other work by An et al. [118] had shown that the covalencey of the Fis region on 
fluorinated CNTs would increase with reaction temperature, which would also explain 
the covalent bonds found by Mickelson et al. when the reactions took place at elevated 
temperatures, ranging from 150°C to 600°C for several hours. As the process used 
for plasma fluorination exploited short functionalisation times, it has not been possible 
to draw a direct comparison between the covalencey over similar time periods. The 
increase in covalencey with fluorine content in the plasma feedstock is a desirable at- 
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Feed stock gas Main Fis component (eV) 
02 	 685 
CF4 	 686 
SF6 	 687 
SF, 	 688 
Table 5.3: Position of the Fis peak. *The  CNTs are placed on a conducting substrate. 
tribute for functionalisation control. 
5.3.4 Transmission Electron Microscopy of the CNTs Surface 
Although it is presumed that the ion bombardment within the plasma will weaken or 
produce defects in the CNTs structure, the F/C ratios have not reached the saturation 
stoichiometry which would result in complete loss of tube structure. Transmission elec-
tron microscopy (TEM) images of the CNTs, before and after exposure to the plasma 








..4 	•- 	. 
..i 	4' 	
,..s.,v 	•-: 
Figure 5.10: TEM images of a) pristine tubes, b) CF4 plasma exposed samples and c) SF, 
plasma exposed samples 
The TEM samples were prepared by making a weak suspension of CNTs, both pristine 
and functionalised, in IPA. A single drop of the CNT suspension was then drop coated 
onto 300 pin   carbon TEM grids from Agar. All three images shown are seen to be 
similar, with the CNTs forming bundles due to Van der Waals interactions, and the 
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nanotubes appear to be intact. This has also been confirmed with Raman spectroscopy, 
whereby the signal showed strong radial breathing modes and a large G-band relative 
to D-band as was the case for the C1 74 exposed CNTs shown in Section 5.2.2. 
5.3.5 Summary of CF4 and SF6 Plasma Exposed CNTs and the Attachment 
Mechanism 
In summary, the functionalisation of CNTs in a plasma environment has beencarried out 
using both a C174 and S176 plasma. The actinometry and ion current density results have 
shown that in a plasma environment with a greater atomic fluorine pressure, a more 
covalent C-F attachment is observed after deconvolution of the Fis spectra, as was the 
case for the S176 plasma in comparison to the CF 4 plasma over all bias conditions. A bias 
voltage is required for fluorine to attach to the CNTs. 
The F/C ratio is influenced more by the I i within the plasma rather than the F-pressure. 
The 0/C ratio is seen to depend on Ii  and has increased over time. It is concluded that 
the ion bombardment within the plasma allows sufficient energy for the C-C bonds to be 
weakened or even broken, hence allowing for the attachment of fluorine in the plasma 
system. However, the ion bombardment has not resulted in loss of nanotube structure. 
When there has been insufficient fluorine to attach to all the weakened bonds or defect 
sites atmospheric oxygen has been able to attach to the CNTs. 
The fluorine attachment is seen to remain stable over time, showing that the function-
alisation process is a reliable means of fluorinating CNTs. 
5.4 Conclusion 
Exposing CNTs to a fluorinated plasma for short exposure times has repeatedly function-
alised the CNTs without damaging the unique CNT structure. The effect of changing 
C174 plasma exposure parameters and the resulting changes to the single-wall carbon 
nanotubes has been studied. Raman spectroscopy results indicate that the modifica-
tions to the CNTs structure have been subtle and that the structural integrity of the 
tubes has been maintained. The macroscopic appearance of the CNTs before and after 
plasma exposure, are shown to be similar from the SEM images. 
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X-ray photoelectron spectroscopy has shown that fluorine can be attached to CNTs using 
a CF4 plasma. The intensity ratio of Isemi—ionic/Icovalent  of the Fis peak is seen to 
decrease upon the increase of flow rate of the plasma gas and exposure time of the 
samples to the CF4 plasma, showing that the fluorination process is sensitive to the 
reactor conditions. The low F/C ratios of the CNT5 confirm that the fluorination process 
has not yet reached saturation. 
The functionalisation of CNTs in a plasma environment has been carried out using both 
a CF4 and SF6 plasma. The actinometry and ion current density results have shown that 
in a plasma environment with a greater atomic fluorine pressure, a more covalent C-F 
attachment is observed after deconvolution of the Fis spectra, as was the case for the 
S17 6 plasma in comparison to the CF 4 plasma over all bias conditions. A bias voltage is 
required for fluorine to attach to the CNTs. 
The F/C ratio is influenced more by the l i within the plasma rather than the F-pressure. 
The 0/C ratio is seen to depend on I i and has increased over time. It is concluded that 
the ion bombardment within the plasma allows sufficient energy for the C-C bonds to be 
weakened or even broken, hence allowing for the attachment of fluorine in the plasma 
system. However, the ion bombardment has not resulted in loss of nanotube structure. 
When there has been insufficient fluorine to attach to all the weakened bonds or defect 
sites atmospheric oxygen has been able to attach to the CNTs. 
The plasma functionalisation process has shown an advantage over previous methods, 
since the functionalisation time is considerably reduced from the several hours needed 
in other work [8-10,118,145, 1581. Not only this, highly elevated temperatures are 
not needed here. 
The fluorine attachment is seen to remain stable over time, showing that the plasma 
functionalisation process is a reliable means of fluorinating CNTs. In particular the 
plasma environment has allowed for the study of the mechanism of CNT functional-
isation and has shown that the CNTs can withstand the somewhat aggressive nature 
of a plasma environment and maintain their structural integrity. The recent advent 
of other authors using similar methods to the plasma functionalisation process used 
here [11, 14, 1461 has shown the versatility of plasma fluorinated CNTs. 
In the next chapter, the CNTs will be exposed to a CF 4 plasma before being further 
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functionalised with diamine. The aim of these experiments is to convert the inherently 
p-type field dependent behaviour of CNTs to n-type. Both the fluorine exposed and the 
diamine functionalised electronic properties will be discussed. 
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Chapter 6 
Diamine Functionalisation of 
Plasma Fluorinated Carbon 
Nanotubes 
The fluorinated carbon nanotubes have been further functionalised with amine contain-
ing groups to change the CNTs from inherent p-type semiconductors to n-type. In the 
following chapter a description of the experimental methods used to produce n-type 
CNT devices is made. 
Here we aim to exploit the advantages of the CF 4 plasma functionalisation process, such 
as the short processing time and the maintaining of structural integrity of the CNTs, to 
then further functionalise the fluorinated CNTs (F-CNTs) into amine functionalised (N-
CNTs). The substitution of 1,2-diaminoethane has been employed, following a modified 
version of the reaction developed by Stevens et al. [16]. The electrical behaviour of 
CNTs exposed to a plasma environment and further amine functionalisation will then 
be discussed. 
6.1 N-type Doping of CNTs, a Brief Review 
The use of amine containing groups to alter the inherently p-type CNTs to n-type devices 
has been exploited by several groups due to the amine's electron donating nature. The 
use of polyethylene imine (PEI) first carried out by Dai et al. [15] provided permanently 
n-type doped CNT devices, this was further expanded to produce soluble n-type CNTs 
starting with CNT(COC1) Th functionalised tubes [94]. CNTs have been doped with amine 
groups by butylamine [16, 92],  3'-((aminopropyl)triethoxy silane) (APTES) [91, 92], 
proplyamine [92] and hydrazine [95] to alter the CNT electrical behaviour. Amine 
functionalisation methods have also included the exposure of CNTs to an amine based 
plasma [14]. In-situ doping during growth [159-161] and doping with K, Cs, Br2 and 
M. 
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12 [67,85,86,88-901 to produce both p-type and n-type behaving tubes respectively has 
been employed to alter CNT conduction. The electrical behaviour of CNT devices has 
also been shown to change upon annealing of the devices [67,85-871 and ambipolar 
devices can even be made by controlled doping over specific regions of the CNT [85]. 
The Stevens group had used F-CNTs which were subjected to long gas exposure times 
at 150°C as described by the Rice University group [158], to reach C2F stoichiome-
try. During this experiment the reaction time during the amine functionalisation was 
lengthened in an attempt to remove all the fluorine from the CNTs and to saturate the 
CNTs with nitrogen dopant to create fully n-type behaving CNTs. CF 4 plasma function-
alisation of CNTs similar to the method developed here and presented in Chapter 5, 
has also been carried out by Valentini et al. in 2005 [11]. The Valentini group then 
continued to further functionalise their fluorinated CNTs with butylamine [12]. Buty-
lamine has only one amine group capable of doping the CNTs as opposed to 2 in the 
N-alkyidene amine groups put forward by the Stevens group. 
In this chapter the plasma fluorinated CNTs have been further reacted with 1,2- di-
aminoethane to convert p-type CNT devices to n-type devices. The amine acts as an 
electron donator in such a situation. The experimental procedures and the CNT char-
acterisation is discussed in this chapter. 
6.2 Experimental Method of the F-tube Diamine Functionali-
sation 
Single-walled carbon nanotubes, HiPCO from CNI, were fluorinated in a C1 74 plasma at 
40 sccm flow rate for periods of 10, 20, 40 and 60 seconds at the low bias end of the 
reactor; D.C. bias -30 V. The reaction with diamines developed by Stevens et al. [16] was 
employed to functionalise fluorinated CNTs with 1,2-diaminoethane. Since it was found 
by Stevens et al. that a reaction time of three hours was insufficient for full conversion 
to the amine substituent, the reaction time here was increased to 6 hours 1 . 
Plasma fluorinated CNTs were added to 1,2-diaminoethane (5 cm 3 ) and sonicated 
briefly (5 mins) to aid dispersion. A catalytic quantity of pyridine (5 drops) was added 
'The amine functionalisation reaction was carried out by Gavin Forrest a collaborator from the School 
of Chemistry at The University of Edinburgh. email: G.A.Forresug)sms.ed.ac.uk  
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and the suspension was stirred under argon at reflux (116 °C) for 6 hours. The reac-
tion vessel was allowed to cool to room temperature and filtered on a 0.2 Pm micropore 
filter to leave a black nanotube residue that was washed twice with ethanol. 
1,2-diaminoethane was chosen in contrast to diamines with longer alkyl spacers such 
as alkylamines for two reasons. Firstly, the multiplicity of amine groups should increase 
the degree of electron donation to the nanotube. Secondly, by using shorter spacers 
electron transport through the molecule from the second amine group is facilitated. 
Reaction at both ends of the diamine is predicted to occur, either with fluorine on the 
same or different CNTs as shown in figure 6.1. 
Figure 6.1: Schematic representation of the amine-functionalisation process. An individ-
ual fluorine atom can become substituted for 2 amine groups, or share the 
second amine with a nearby fluorine atom via a bi-functionalisation process. 
X-ray photoelectron spectroscopy and Raman spectroscopy are both used to characterise 
the CNT functionalisation as discussed in Chapter 3 and in Chapter 5. The CF4 plasma 
fluorinated CNTs will be referred to as F-CNTs and the diamine functionalised as N-
CNTs. 
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6.3 Functionalised CNTs Spectroscopy 
X-ray photoelectron spectroscopy (XPS) of the plasma fluorinated and the further func-
tionalised amine exposed samples, have shown both functionalisation processes to be 
successful. There is a clear difference between the plasma fluorinated CNTs and the 
amine functionalised CNTs easily observable by the presence of fluorine and nitrogen 
in the XPS spectra respectively. The Raman spectra has also shown that the CNTs re-
main intact over all functionalisation conditions tested here. 
The following sections discuss the XPS spectra and the Raman spectra. As the function-
alisation results are coupled, the discussion will first show the stoichiometries achieved 
during the functionalisation. The specific regions of interest in the XPS spectra - the 
Cis, Fis and Nis regions will then be considered, followed by the structural inference 
and the disorder of the CNT sp 2 bonding measured by Raman spectroscopy. 
6.3.1 Atomic Ratios on the CNT Surfaces 
The stoichiometries of the functionalised CNTs are shown in table 6.1 along with the 
CF4 plasma exposure conditions. 
CF4 plasma conditions 
CF4 exposure time 	DC Bias 	Gas flow Fluorinated 
Stoichiometry 
0/C 	aminated 0/C 
10 s 30V 40 sccm C F0300 0.222 C N0 065 F0015 0.118 
20s 30V 40 sccm C F0514 0.262 C No068 F0014 0.108 
40s 30V 40 sccm C F0633 0.104 C N007 7 F00 1 9 0.103 
60s 30V 40 sccm C F0546 0.130 C N0059 F0013 0.089 
Table 6.1: The plasma exposure conditions and the resulting stoichiometry of the CNTs 
post functionalisation 
The atomic ratios on the CNT surface have been plotted against plasma exposure time 
figure 6.2. The degree of fluorination post CF 4 plasma exposure can, in general, be 
seen to increase with plasma exposure duration. The anomalous 60 second sample 
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can be attributed to the non linearity of the plasma process due to the number of vari- 
ables involved, an effect also seen by other groups using CF 4 plasma to functionalise 
CNTs [13]. 
CF  plasma 
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Figure 6.2: The surface characteristics of the functionalised CNTs as a function of plasma 
exposure time 
After diamine functionalisation the F/C ratio of all the CNT batches reduced to approx-
imately 0.0 15 regardless of the initial F/C and the initial comparison between ionic and 
covalent fluorine. The N/C ratio was approximately constant throughout the samples, 
with a slight increase at 40s plasma exposure, similar to the trend observed for the F/C 
ratio of the plasma exposed tubes figure 6.2. The 0/C ratio decreases after diamine 
functionalisation although becomes the highest atomic ratio contributor to the func-
tionalisation after the amine functionalisation process, steadily decreasing with plasma 
exposure time. 
As discussed previously [17,181 and in Chapter 5, the plasma process exposes the CNTs 
to ion bombardment. The flux of ions reaching the CNT sample surface should not vary 
considerably over time, after steadying out in the first few seconds of bias voltage appli-
cation, since the movement of electrons and ions is fast an equilibrium is soon reached. 
Given the ion bombardment and the creation of defects in the CNT sidewalls such 
bombardment would create, the functionalisation via fluorination will become more 
efficient over time as there is a trade off between defect creation and available radical 
concentration capable of bonding to the defect sites on the CNTs. It appears as though 
not all defect sites were fluorinated from the oxygen concentration visible. However, 
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the similarity in trend between the F/C ratio and the N/C ratio and the constant F/C ra-
tio over all conditions on the N-CNTs, shown in figure 6.2 implies that almost complete 
saturation of the amine functionalisation was achieved. 
The most striking observation from table 6.1 and figure 6.2 is that the degree of func-
tionalisation in the N-CNTs is considerably less than the F-CNTs, an effect that is also 
observed by both Stevens et al. [16] and Valentini etal. [11, 12] raising the question of 
what happens to the majority of the fluorine during the amine functionalisation reac-
tion? 
The simplest explanation may be that some of the fluorine is only adsorbed onto the 
nanotubes rather than being chemically attached. Within the CF4 plasma we presume 
the creation of radicals and molecular CF2 and F2 , as well as charged ions, such as 
CX F and F+  [155-157], that could all be contributing to the extra fluorine observed. 
At the low bias end of the reactor the acceleration between the plasma and the substrate 
due to the sheath region will be far lower than the high bias end. Such a lowering in 
acceleration could limit the covalencey of the C-F bonds, resulting in more adsorbed 
fluorine than the stoichiometries account for. 
The Cis, Fis and Nis regions are now discussed as a function of plasma exposure time 
to determine the nature of the functionalisation process. 
6.3.2 The Cis Region 
Looking to the carbon Cis region in the XPS spectra of both the F-CNTs and the N-
CNTs, a clear difference can be seen between the two spectra, figure 6.3. The F-CNTs 
exhibit three peaks at 289 eV, 291 eV and 293 eV which can be attributed to carbon 
is electrons in CF. CF2 and CF3 respectively [9] or C-O, C=O and O-C=O [118, 121], 
figure 6.3(a). The N-CNTs, exhibit a broadening at 286 eV due to the presence of 
diamine carbon atoms [114] and no high energy carbon peaks. Both functionalisation 
processes have resulted in oxygen residing on the CNT surface as confirmed by the XPS 
stoichiometries. However as the the high energy Cis peaks are not evident in the amine 
functionalised CNTs, it can be deduced that carbon fluorine bonds are responsible for 
the higher binding energy peaks observed for the F-CNTs samples. 
As altering the plasma exposure times for the CNTs did not alter the positioning of the 
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Figure 6.3: The normalised Cis spectra of the F-CNTs and the N-CNTs. The plasma expo-
sure times were varied but caused no change in peak positions. All CF4 plasma 
exposures were carried out at 40 sccm and D. C. bias -30 V. 
Cis peaks, an average of the samples could be used to visualise the differences in the 
Cis region between the F-CNTs and the N-CNTs. By looking at the average normalised 
spectra of the F-CNTs minus the N-CNTs, figure 6.3(b), the change in the Cis spectra 
after the functionalisation steps is highlighted. The CF peaks are seen in the region 
from 290 eV to 295 eV whilst around 286 eV a negative intensity at the diamine region 
is clearly observable. As such it is reasonable to assume the high energy Cis peaks are 
due to carbon fluorine bonds whilst the amine peak comes directly from the diamine 
functionalisation. 
6.3.3 The Fis Region 
To begin to characterise the functionalisation mechanism the Fis region of the initial 
plasma fluorinated CNTs is considered. The fluorine region of the XPS spectra showed 
two peaks, attributed to semi-ionic bonded fluorine and covalent bonded fluorine fig-
ure 6.4(a). For the F-CNT5 the fluorine Fis peaks observed were similar to those seen 
in Chapter 5. 
However, at the plasma exposure conditions used here, at the low bias end of the re- 
actor, CNTs with higher F/C ratios (i.e. subjected to the plasma for longer, in general), 
exhibited C-F bonds with an increased semi-ionic/covalent ratio, figure 6.4(b). Such a 
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Figure 6.4: A typical Fis spectra of the functionalised CNTs. All CF4 plasma exposures 
were carried out at 40 sccm and D. C. bias -30 V. 
result is in contrast to previous discussion at the high bias end of the reactor, see [17] 
and Section 5.2.5, where increased exposure time led to decreased semi-ionic/covalent 
ratio. Such a decrease in the relative covalent bonding can be attributed to the reduced 
acceleration between the plasma and the biased substrate through the sheath region at 
low bias voltages. The directionality of the ion bombardment will be reduced at low 
bias and the loss of acceleration through the sheath may be allowing for a larger ratio 
of semi-ionic bonding to take place. 
6.3.4 The Nis Region 
When considering the further amine functionalisation the Nis region is studied. The 
nitrogen XPS region deconvoluted to two peaks, at 399.5 eV and 400.5 eV which 
can be attributed to nitrogen is electrons in NH 2 (primary amines) and NH (secondary 
amines) respectively [114]. Recalling the reaction schematic presented in figure 6.1, 
the secondary amines are a product of the reaction of 1,2-diaminoethane with the fluo-
rinated nanotubes whilst the primary amines are thought to arise from unreacted amine 
groups. Due to the short length of the 1,2-diaminoethane molecule (5 1) the degree of 
secondary reaction will be dependent on the availability of nearby C-F bonds. There-
fore, it is likely that any bi-functionalisation will occur primarily with fluorines on the 
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Figure 6.5: The diamine functionalisation as a function of initial F/C ratio. (a) With 
increasing F content, bi-functionalisation increases and more NH is present 
relative to NH2. (b) With increasing F content, the total relative N content 
decreases due to increased bi-functionalisation. 
Figure 6.5(a) confirms the expected increase in bi-functionalised 1,2-diaminoethane 
with increasing fluorine content. Presumably such an increase is due to the increased 
availability of nearby fluorines making bi-functionalisation more favourable and more 
likely. Consequently, since carbon-bonded fluorine atoms are being replaced by 1,2-
diaminoethane molecules in a ratio less than 1:1 by an increased degree of bi- function-
alisation, some decrease in the overall nitrogen content should be seen as a function of 
increasing pre-amine functionalisation fluorine content. This is indeed observed 6.5(b), 
where the total relative N content decreases with an increase in initial F content. 
6.3.5 The Raman Spectra 
The adsorption of fluorine, as opposed to bonding on the CNT surface, in the func-
tionalisation processes used by other groups [10, 158] may also be the cause of their 
apparent incomplete removal of fluorine and failure to transfer all fluorine dopant to 
nitrogen. Here, Raman analysis supports this explanation. If all the fluorine detected 
by XPS were covalently attached to the CNTs the Raman spectra would show strong 
D-bands and a reduction in the RBM, which is not observed in figure 6.6. 
In particular such an effect would be evident at 40 s plasma exposure, where there is 
clearly an apparent break of the C2 17 limiting stoichiometry, known to cause structural 
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Figure 6.6: The typical Raman spectra from the pristine and functionalised CNTs. 
damage to the CNTs [10]. As it is, strong radial breathing modes are observed in 
all samples along with a high G-band and low D-band (D/G ratios of typically 0.3), 
implying the CNTs are structurally intact [32]. 
It is of interest that the D-bands are slightly smaller after reaction with 1,2-diamino 
ethane, suggesting that some of the fluorine may have been removed without being 
replaced. The adsorption of CXF, x and y ~! 1, in the CF4 plasma exposure stages 
could be a large contributor to such an effect. 
6.4 The Diamine Functionalisation Mechanism 
In the XPS spectra the Fis region has shown that CF 4 plasma fluorination results in a 
combination of semi-ionic and covalent fluorine attached to the CNTs. After the amine 
functionalisation reaction both semi-ionic and covalent fluorine peaks were present on 
both the 10 s and 20 s, plasma exposed samples however, the N-CNTs also show a lower 
semi-ionic/covalent fluorine ratio than the F-CNT5. The 40 s and 60 s plasma exposed 
samples both show only covalent fluorine post amine functionalisation. 
At first glance this would suggest semi-ionic fluorine is preferentially substituted by 1,2-
diaminoethane a reasonable assumption since the semi-ionic C-F bond is more charge 
separated. However, due to the unknown contribution by adsorbed fluorine, it is not 
possible to accurately determine the semi-ionic/covalent ratio of chemically bonded 
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fluorine on the F-CNTs. Therefore, the F-CNT and N-CNT semi-ionic/covalent fluorine 
ratios cannot be compared and the observed "reduction" in the ratio may only be ap-
parent. 
It is expected that the reasonably severe conditions of the diamine functionalisation re-
action will result in the removal of adsorbed fluorine and perhaps some weakly bonded 
fluorine, confirmed by the reduction of the D-band in the Raman spectra after amine 
functionalisation. Further work is required to determine the reaction mechanism, pri-
marily the use of a SF6 plasma in comparison to the C1 74 plasma, since a SF 6 plasma is 
known to result in covalent F is peaks on the CNT surfaces 2 . 
6.4.1 Summary of the Diamine Functionalisation 
In summary it has been shown that substitution reactions of 1,2-diaminoethane onto 
plasma fluorinated CNTs has been successful. The reaction is limited by the initial 
fluorination of the CNTs themselves and it is shown that the ratio of nitrogen observed 
on the CNTs increases following the trend for the initial fluorination of each sample. 
The ratio of the primary amines to secondary amines has been shown to increase with 
initial fluorine content implying that bi-functionalisation has taken place. The overall 
nitrogen content as a function of initial fluorine content was seen to decrease confirm-
ing that the replacement of fluorine with 1,2-diaminoethane molecules took place at a 
ratio of less than 1:1. 
The exact mechanism of the functionalisation process has not been deduced, although 
the evidence points to a quantity of adsorbed fluorine increasing the initial F/C ratio. 
Functionalisation with a SF5 plasma should improve the amine functionalisation capa-
bilities by reducing absorption and resulting in covalent fluorination. 
2 Further experiments are being carried out at the time of writing. Initial results have indicated that a 
sonication stage post CF 4 plasma exposure, as done in Chapter 5 prior to XPS characterisation, removes 
adsorbed fluorine. 
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6.5 Electronic Characterisation of F-CNTs and N-CNTs 
6.5.1 The Experimental Method 
Both the F-CNTs and the N-CNTs were separately dispersed in 1,2-dichloroethane be-
fore being spin coated onto electrode structures. The electrode setup is shown schemat-
ically in figure 6.7. The backgated silicon substrate was covered with 50 nm thermal 
Si02 where Ti/Au 5/25 nm source drain electrodes were fabricated on top by e-beam 
lithography. The electrode spacing was 500 nm for all device characteristics probed 
here. The CNTs were dispersed at weak concentrations, of 1 mg CNTs in 10 nil of 
1 ,2-dichloroethane, as an attempt to achieve smaller bundles of CNTs bridging the elec-
trodes, and one drop was coated on each sample. However large bundles of tubes still 
remained. The I-V characteristics were probed using an HP4156B probe analyser, as 
discussed in Chapter 3.3. 
Source CNT bundle Drain 




Figure 6.7: Schematic representation of the device setup 
As is often discussed in the experimental considerations of carbon nanotube electronics 
the unreliability of the suspensions limits the reproducibility of the results [77]. When 
predicting the semiconducting or metallic behaviour of the CNTs due to statistical dif-
ferences in the suspension mixture the observance of both metallic and semiconducting 
tubes is likely. Figure 6.8 shows an example of two separate bundles of CNTs bridging 
electrodes. There are clear differences in bundle size and therefore the chiralities and 
behaviour of each bundle can be drastically altered. Metallic conduction is more often 
observed in the average device properties where large bundles of CNTs are observed, 
and is presumed to be due to the dominance of the metallic conduction, in comparison 
to weak semiconducting effects. 
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a) A roodont 	L\Ts bridging electrodes 	) A random bundle of CNTs bridging electrodes 
Figure 6.8: The SEM images of randomly distributed functionalised HiPCO CNTs between 
electrodes. Image (a) and (b) show visibly different bundling properties and 
apparent differences in the number of CNTs. It is not possible by SEM to 
confirm the chirality distribution of the CNTs. 
6.5.1.1 Electronic Burn Off Techniques 
A technique known as "burn-off" is often applied to the devices [60,77] to remove the 
metallic CNTs. "Burn-off" involves the application of a high potential to the CNT device. 
As metallic tubes will always conduct and semiconducting tubes will only conduct at 
specific gate voltages, the technique requires that the semiconducting tubes be turned 
off and the metallic tubes subjected to a high voltage. The heating effect of the resultant 
high current then breaks the CNTs by a simple burning process. By "burning-off" the 
metallic CNTs only semiconducting tubes should remain and field dependent electronic 
properties can then be studied. However, it should also be considered that in tight 
bundles of CNTs the burn-off will apply to semiconducting tubes in close vicinity of the 
metallic tubes. 
The experimental characterisation here required the testing of the CNT devices by sim-
ilar procedure, following the steps discussed using the probe setup and HP4156B as 
discussed in Chapter 3.3.4. A source drain voltage was applied from -5 V to +5 V at 
a spacing of 100 mV, the gate voltage as the second variable was altered from ±5 V 
to 5 V at a spacing of 1 V, the sign of the gate voltage depending on whether p-type 
or n-type semiconducting devices were to be turned off. The variable order was then 
altered with the gate voltage swept at 100 mV spacing from -5 V to +5 V and the source 
drain voltage from -2.5 V to +2.5 V with 500 mV spacing. Where the devices showed 
95 
Diamine Functionalisation of Plasma Fluorinated Carbon Nanotubes 
Vds sweep. Vg held constant Vg step range 
Start Vds 	End Vds 	Step Start Vg 	End Vg 	Step 
-5V 	+5V 	lOOmV 	±5V 	5V 	1  
-7.5 V 	+7.5 V 	100 mV 	±-5 V 	5 V 	1V 
Vds increased until burn-off or device breakdown 
Vg sweep. Vds held constant Vds step range 
Start Vg 	End Vg 	Step Start Vg 	End Vg 	Step 
-5V 	+5V 	100 mV -2.5V 	+2.5V 	500 mV 
-10 V 	+10V 	lOOmV -2.5V 	+2.5V 	500 mV 
Table 6.2: Standard probe station sweep conditions for backgated CNT devices 
no gate voltage dependence, and therefore metallic behaviour, the source-drain voltage 
was then re-swept, and then increased to -7.5 V to 7.5 V and further until burn-off 
occurred or in some cases complete breakdown of the devices. The sweep conditions 
listed above are shown in table 6.2. 
6.5.2 Source-Drain Electronic Behaviour of F-CNTs 
Shown in figure 6.9 are the source-drain characteristics for the CNT devices made post 
CF4 plasma functionalisation. 
Current has flowed through all devices in a source drain sweep with Vg held at 0 V. 
At 40 s and 60 s plasma exposure the drain current has increased by several orders of 
magnitude. The increase in conduction could be attributed to the CNT bundle itself, 
e.g. there are physically many more CNTs on this sample causing an increased current 
density. It is not possible from the magnitude of the drain current to determine the 
chirality of the CNTs present on any given device, however some information on the 
CNT behaviour can be deduced from the shape of the source-drain curves. 
The shape of the source-drain curves has altered between the devices, with no two 
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Figure 6.9: The source-drain characteristics for all F-CNTs devices at Vg = 0 V. The 40 s 
and 60 s plasma exposed sample uses the right hand side y-axis, the 10 s and 
20s the left. 
devices showing identical source-drain behaviour. The 10 s plasma exposed F-CNTs 
device shows a highly asymmetrical curve indicative of back to back Schottky diodes. 
The 20 s and 60 s plasma exposed F-CNTs devices also show back to back Schottky 
diode character. The 40 s plasma exposed F-CNTs device in contrast shows a straight 
symmetrical line cutting through the origin, indicative of a metallic conductor. The 
40 s plasma exposed sample had surpassed the structural breakdown stoichiometry as 
observed in table 6.1. 
However, to determine the success of the functionalisation process for electronic appli-
cations, the CNT devices have been measured in backgated geometry to characterise 
their field dependent behaviour. It is therefore expected from the asymmetrical source-
drain characteristics, that the 10 s, 20 s and 60 s plasma exposed F-CNTs devices will 
show field dependent behaviour when tested in backgated geometiy. The 40 s plasma 
exposed F-CNTs device is not expected to show field dependence as there is little indi-
cation of semiconducting CNTs present on the sample. 
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6.5.3 Source-Dram Electronic Behaviour of N-CNTs 
The source-drain characteristics of the amine functionalised samples are shown in fig-
ure 6.10. 
20 
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Figure 6.10: The source-drain characteristics for all N-CNTs devices at Vg = 0 V. The time 
indicates the exposure length of the CNTs to the initial CF4 plasma. The 60s 
plasma exposed sample uses the right hand side y-axis, the 10 s, 20s and 40 
s the left. 
During the source drain sweep at Vg = 0 V, the N-CNTs devices have again shown that 
the magnitude of the drain current varies between each device due to the statistical mix 
of CNTs on the devices. The 60 s plasma exposed N-CNTs device shows very low drain 
current of only a few nA, whilst the other devices are all in the range of several pA. All 
devices have shown a reduced magnitude of drain current in comparison to the F-CNTs 
at similar plasma exposure times. 
The 10 s and 60 s plasma and diamine functionalised N-CNTs devices have both shown 
asymmetric source-drain characteristics indicating back to back Schottky diodes, similar 
to the F-CNTs devices. The 20 s plasma exposed N-CNTs device has shown a straight 
line through the origin implying a larger proportion of metallic CNTs, although the 
magnitude of the drain current and the gradient of the line implies a small bundle or 
a high resistance. The 40 s plasma exposed N-CNTs device again shows symmetrical 
resistor characteristics, although not as large a drain current as observed for the metallic 
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It is predicted from the shape of the source-drain curves and the magnitude of the over-
all drain current, that the 10 s and 60 s N-CNTs devices are made from a mixture of 
metallic and semiconducting CNTs, whilst the 20 s and 40 s N-CNTs devices contain 
predominantly metallic CNTs. The N-CNTs devices were then tested in backgated ge-
ometry for field dependent behaviour and any indication of n-type doping of the CNT 
devices. 
6.5.4 Gate field dependent Electronic Behaviour of F-CNTs and N-CNTs 
Due to the problems in the positioning of the CNTs over the electrodes and the incon-
sistency between the bundles on each device, it is not possible to reliabley compare the 
backgated device characteristics for either the fluorine functionalised CNT devices nor 
the amine functionalised CNT devices. The quality of the devices produced after plasma 
functionalisation and diamine functionalisation are seen to vary across any given sam-
ple and the devices are not shown here. However as discussed previously this is believed 
to be due to the suspensions of the CNTs, used for drop coating, changing the average 
properties of each bundle. Although attempts were made in the drop coating process 
to prepare all samples by identical methods it is not possible to achieve 100% accuracy 
and identical samples, hence the varying magnitudes of drain current were observed. 
A general trend was observed with p-type field dependent behaviour occurring after C1 74 
plasma exposure and ambipolar behaviour, post C174 exposure and 1,2-diaminoethane 
functionalisation. The most apparent n-type behaviour is seen for the N-CNTs devices 
post 60 s plasma exposure, where there are fewer CNTs according to the magnitude of 
the drain current. However, the nature of the n-type effects cannot be fully correlated 
to the CNT stoichiometry in table 6.1, as the N-CNTs device post 10 s plasma exposure 
shows mostly p-type conduction and no current increase in positive Vg, even though the 
N/C ratio is 0.065. The N-CNTs device post 20 s plasma exposure does have a limited 
increase at positive Vg, but a high metallic leakage current. What can be said however, 
is that all the N-CNT field dependent devices have shown a reduced drain current in 
comparison to the similarly prepared F-CNTs devices, known to be the first stage of 
chemical doping [85,86, 130]. The XPS data has confirmed that nitrogen has bonded 
to the F-CNTs in the form of a substitution reaction. 
The decrease in the conduction with the diamine functionalisation is in agreement 
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with the gate dependent characteristics shown by Valentini et al. [12]. However in 
the devices produced here the gate dependent effects are more pronounced and show 
a greater gate voltage dependence for the amine functionalised samples. In particular 
this can be attributed to the thickness of the gate oxides used. Here the oxide is 50 nm, 
thick by comparison to state of the art devices, however the Valentini group have used 
a 250 nm thick thermal oxide and as such will only observed a small gate dependence 
over the ranges swept. 
6.5.5 N-type Doping of CNTs 
It is reasonable to attribute the observed n-type behaviour to the successful donation 
of electrons from the NH 2 groups observed in the XPS spectra. The observation of 
n-type doping by nitrogen containing groups has been observed by other groups [15, 
91, 92,94, 95] and is shown to be due to electron donation. In particular the success 
in the doping of CNTs by chemical methods has recently been realised by K!inke et 
al. [95] whereby exposing prefabricated CNT devices to hydrazine has doped the tubes 
from p-type to n-type. It was also shown that by chemically reacting dopants device 
characteristics such as the threshold voltage Nth)  can be tailored. A similar technique 
by Auvray et al. [91] has pre-positioned CNTs by self-assembly onto an aminosilane 
monolayer and then exposed the devices to acidic or basic vapours. In turn this has 
removed or donated electrons making for p and n-type devices to be fabricated. 
As stated by K!inke [ 95] at moderate doping levels as is the case here, the barrier at 
the CNT electrode contacts dominate the conduction, whereas at high doping levels the 
carrier density dominates. Electrical modification has also been shown to take place by 
annealing the CNT devices in hydrogen [87] and in a vacuum [85,86]. The vacuum 
annealing study [85] produced ambipolar tubes by selectively annealing specific stages 
along a single tube using a PMMA mask. 
Previous CNT device annealing studies also confirmed the difference between field-
effect behaviour due to the contact between the CNT and the electrode and due to 
sidewall doping contributions [85-87,95]. In particular the conventional doping will 
cause a shift in the threshold voltage of the device, whereas contact annealing (which 
acts to shift the Fermi level) shows no threshold voltage shift. This results in the fact 
that by annealing to remove the excess oxygen, ambipolar devices can be made. 
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For the devices produced here the CNT/electrode contacts are likely to dominate the 
conduction. It is proposed that due to measurements taking place in air with no an-
nealing stage, the charge carriers on the CNTs can become unsettled and may in fact 
drift over time. Importantly, the influence of atmospheric oxygen altering the electronic 
response should not be ruled out. The noise observed on the drain current may be 
indicative of defect sites having been created on the CNTs. Also it is reasonable to 
presume that when conduction takes place through a network of CNTs that electrons 
and holes may have to overcome potential barriers from other tubes and the functional 
attachment groups on the CNT sidewalls. 
However, in the case of both the F-CNTs characteristics and the N-CNTs, there appeared 
to be a shift in the position of Vth for both types of devices. The shift is more pronounced 
after diamine functionalisation at 20 s plasma exposure and 60 s plasma exposure. The 
diamine functionalisation has also been shown to reduce the ability of hole carriers as 
is known to be the first stage of n-type doping [12, 15, 92]. 
6.5.6 Device Characterisation 
As discussed in Chapter 3 the field dependent devices can be characterised by studying 
the Schottky barriers, the subthreshold behaviour and the carrier mobilities. However, 
the devices made here have several problems when such analysis is considered as dis-
cussed in Sections 6.5.2 and 6.5.3. Shown in figure 6.11 is a logarithmic plot of the 
drain current vs the source-drain voltage, from Sections 6.5.2 and 6.5.3 for both the 
F-CNTs devices and the N-CNTs devices respectively, showing the devices are back to 
back Schottky diodes as discussed. 
In particular it can be seen for the fluorine devices, figure 6.11(a), that the magnitude 
of the current varies by several orders of magnitude between the 10 s and 20 s plasma 
exposure times and the 40 s and 60 s. All measurements were taken at zero gate volt-
age. The devices are not directly comparable as it is not possible to say how many CNTs 
are between the electrodes for each device. Similarly, for the diamine functionalised 
devices, figure 6.11(b) the same problems occur. The magnitude of the drain current is 
similar between each devices, making a more useful comparison with the exception of 
the devices aminated after 60 s plasma exposure. 
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Figure 6.11: A logarithmic plot of the drain current vs source drain voltage for the F-CNTs 
and N-CNTs devices. Vg = 0 Vfor all device shown. The time indicates the 
length of the original plasma exposures. 
As field dependent devices, we can state that p-type or n-type behaviour has been ob-
served, but determining the ideality factor, r, and the Schottky barrier height cB is not 
possible, as the area of the contact between the CNT and electrode can not be defined, 
nor can the saturation current be used in a truly comparative method. It is highly 
likely that some level of metallic tubes remains in the device, thus also rendering the 
extraction of transistor characteristics an unreliable means of characterisation. 
6.5.7 Summary of the I-V characteristics 
The devices produced by the functionalisation of CNTs in a CF 4 plasma followed by 
further amine-functionalisation have shown altered gate dependence between purely 
p-type and towards n-type respectively. The amine donation of electrons to the CNT 
conduction has decreased the hole carrier contribution and allowed for electrons to 
flow under the application of a positive gate bias. As the plasma exposure time was 
increased it became more likely for the CNT devices to breakdown when a higher Vds 
was applied as opposed to burn off to a semiconducting device. However, the statistical 
differences in the CNT mixtures between the electrodes has made a direct comparison 
of device behaviour difficult. 
Nevertheless, it can be stated that the plasma fluorination is a successful means as a 
first step to create n-type CNT devices, with the degree of diamine functionalisation 
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being directly dependent on the fluorination beforehand. 
6.6 Conclusion 
In summary it has been shown that substitution reactions of 1,2-diaminoethane onto 
plasma fluorinated CNTs has been successful. The reaction is limited by the initial 
fluorination of the CNTs themselves and it is shown that the ratio of nitrogen observed 
on the CNTs increases following the trend for the initial fluorination of each sample. 
The ratio of the primary amines to secondary amines has been shown to increase with 
initial fluorine content implying that bi-functionalisation has taken place. The overall 
nitrogen content as a function of initial fluorine content was seen to decrease confirm-
ing that the replacement of fluorine with 1,2-diaminoethane molecules took place at a 
ratio of less than 1:1. 
The devices produced by the functionalisation of CNTs in a C174 plasma followed by 
further diamine-functionalisation have shown altered gate dependence between purely 
p-type and towards n-type respectively. The amine donation of electrons to the CNT 
conduction has decreased the hole carrier contribution and allowed for electrons to flow 
under the application of a positive gate bias. As the plasma exposure time was increased 
it became more likely for the CNT devices to breakdown as opposed to burning off to 
a semiconducting device. However, the magnitude of the drain current was largely 
affected by the mixing of CNTs between the electrodes and was prone to variations 
between devices. 
The plasma fluorination is a successful means as a first step to create n-type CNT de-
vices, with the degree of diamine functionalisation being directly dependent on the 
fluorination beforehand. The devices made here have shown improvements from simi-
lar plasma fluorinated and further amine functionalised CNT devices made by Valentini 
et al. [11]. However, the devices made were not as refined as those made by the IBM 
group with direct sidewall functionalisation processes [85-87,95]. 
By refining the functionalisation procedures, both during the fluorination and the di- 
amine functionalisation, the doping effects may be controlled. In particular, by achiev- 
ing a more covalent C-F bond it is predicted that the N/C ratio after the diamine func- 
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tionalisation can be increased. All further functionalisation procedures to be considered 
must maintain the structural integrity of the CNTs to exploit the electronic behaviour. 
SF6 plasma exposure has indeed shown the ability to create more covalent C-F bonds 
without loss of the CNT structure and is therefore predicted to be a useful first step for 
future functionalisation experiments. 
It is therefore envisaged that controllable CNT devices can be produced by using the 
plasma fluorination and controlled functionalisation procedures. Altered fabrication 
procedures such as electrode annealing should also improve the electrical behaviour of 
the doped CNT devices. 
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Plasma Thiolation of Carbon 
Nanotubes for Self Assembly 
It is widely accepted that in order to successfully use carbon nanotubes (CNTs) for 
electronic devices a room temperature method to enable the selective positioning of 
already grown CNT5 is needed. A positioning method could be implemented either by 
selectively making a substrate reactive, as will be discussed in Chapter 8 or by function-
alising the normally unreactive CNTs themselves. 
The functionalisation of CNTs has been an intense topic of research in the current sci-
entific literature, where in particular CNTs have been treated to long acid exposures to 
produce carboxylic acid end groups [34, 39],  and as presented in the previous chap-
ter, fluorinated via gas fluorination steps. Many of these functionalisation processes 
show exceptional promise for uses in material science, as the CNTs can be more easily 
dispersed and introduced into nanocomposite materials, but are not so promising for 
selectively positioning CNTs. For selective positioning, thiol bonding shows the most 
promise. 
The plasma thiolation process developed here will be discussed in the following chapter, 
including experimental evidence of CNT self-assembly and electronic characterisation 
of the functionalised CNT5. 
7.1 Thiolation of Carbon Nanotubes, a Brief Review 
The Au-thiol bond is known to be selective and occur spontaneously in solution, pro-
vided that the gold surface is clean and of high quality. Reports have demonstrated thiol 
functionalisation techniques using long and short chain alkanethiols respectively [42, 
122,125]. 
To take advantage of the thiol gold self-assembly, CNTs had been previously thiolated by 
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substitution reactions. In all cases CNTs were firstly functionalised by long acid purifi-
cation and cutting steps to obtain carboxylic acids [33-35,39]. Smalley et al. have func-
tionalised the CNTs with a long chain carbon group to produce CNT-(CH 2 ) 11 -SH [33], 
whilst Liu et al. produced CNT-CONH-(CH2) 2 -SH [34]. A shorter chain reaction was 
then developed by Lim et al. [35] where via several acid reflux steps, conversion of 
carboxyl groups to hydroxyl groups, further conversion of hydroxyl groups to chloride 
groups, and finally thiolation, CNT-CH2-SH tubes were produced. 
Here, the direct thiolation of single-walled CNTs, without any long chain carbon groups, 
e.g. CNT-SH was achieved, by physically mixing elemental sulphur with CNTs and then 
exposing the sulphur/CNT mixture to an Ar/H2 plasma. 
The advantage of this method has been to allow CNTs to attach selectively to gold 
electrodes with a short functionalisation time. Due to the non-destructive nature of 
plasma functionalisation processes [11, 13, 17, 18, 147, 148], and Chapters 5 and 6, it 
was envisioned that a thiol rich plasma environment could be created allowing for 
direct thiolation of CNTs. The sulphur based plasma has demonstrated the creation of 
thiolated CNTs and the subsequent self-assembly across patterned gold electrodes. 
7.2 Sulphur Plasma Exposure of CNTs 
7.2.1 Experimental procedure 
Single-wall carbon nanotubes (CNT5) from Carbon Nanotechnologies Inc were used in 
these experiments. The sulphur/CNTs samples were prepared by physical mixing with 
elemental sulphur from Aldrich. The non-treated sample, sample 1, is referred to as the 
control sample throughout the text. 
Other samples were then exposed to an argon and hydrogen based plasma mixture 
within the Plasma Etch reactor with the electrodes heated to 120°C to allow the sulphur 
to melt, the plasma feed stock gas flows and sulphur/CNT5 mixing ratios are outlined in 
table 7.1. All exposures were carried out with an R.F. power of 250 W. After stabilisation 
of the gas flows the sulphur/CNTs mixtures were exposed to the plasma for 1 minute. 
A schematic of the plasma setup is shown in figure 7.1. 
The localised blue region of the plasma was clearly visible through a quartz window 
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Sample Weight of sulphur/CNT (g) Ar flow (sccm) H2 flow (sccm) 
Control 0/0.002 No plasma No plasma 
1 0.02/0.002 No plasma No plasma 
2 0.02/0.002 75 25 
3 0.02/0.002 50 50 
4 0.02/0.002 25 75 
Table 7.1: The reactor conditions. The reactor was heated to 120°C, with R. F. power 250 
Wand plasma exposure time of 1 minute 
/H. olasma 
CNTs and sulphur Localised 
S- lasma 
Heated electrode 
Figure 7.1: A schematic representation of the plasma thiolation set-up 
around the region where the sulphur/CNTs samples had been placed. The blue colour 
is indicative of a sulphur based plasma, whilst the shown purple colour is representative 
of the Ar/H2 mixture. 
Immediately after plasma exposure (where exposure had taken place) the samples were 
placed in 2 ml of toluene and rinsed through with 5 ml of toluene, via a 2 tm pore sized 
PTFE filter from Millipore, to rid of any excess sulphur. The CNTs were then drop-coated 
onto a silicon wafer for characterisation. 
To characterise the extent of sulphur attachment to the nanotubes before self-assembly, 
X-ray photoelectron spectroscopy (XPS) and Raman spectroscopy have been used. 
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7.2.2 The XPS Spectra of Thiolated CNTs 
It has been discussed previously, Chapter 5, that CNTs exposed to fluorinated plasmas 
for time periods of several minutes do not suffer significant damage to the structure, as 
shown by Raman spectroscopy. It was verified by XPS that several minutes is sufficient 
exposure time in such a reactive atmosphere for functional groups to attach to the 
sidewalls of CNTs. 
XPS was performed on the thiolated CNTs with emphasis on the S2p peaks for the con-
trol CNTs, CNTs that have been mixed with sulphur (sulphur/CNTs) and sulphur/CNTs 
mixture exposed to Ar/H2, figure 7.2. The peaks have been fitted using XPS peak soft-
ware, with A E = 1.18 eV between the Sp 312 and Sp 1 12 and fixed intensity ratio of 2:1 
respectively. A mixture of Lorentz: Gaussian peaks were required at 70:30, with FWHM 
of 1 as in the literature [122, 125]. It has been observed in these experiments, that for 
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Figure 7.2: The S2p peaks of the control CNTs, sulphur/CNTs and sulphur/CNTs exposed 
to Ar/H2 plasma 
According to the literature, S-H is present at 163.7 eV while S-S occurs at 163.8 eV 
and S-Au bond is known to occur at 162 eV [122, 124, 125]. Multilayer thiols have 
also been observed at 164.4 eV [162] and 163.6 eV [124]. Due to the closeness of 
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the energy peaks for sulphur containing compounds, we conclude that some form of 
sulphur is bonded to the CNTs after sulphur treatment within the thiol region. There 
is also a general trend for the position of the S2p thiol peak to shift to higher binding 
energies with an increase in the length of the carbon chain attached to the thiol [42]. 
As the CNTs are exceptionally long carbon groups, a slightly higher S2p peak position 
is to be expected. 
Figure 7.3 shows the influence of the flow rate of H2 in the Ar/1-12 gas mixture during 
plasma exposure on (a) the S/C ratio and (b) the position of the S2p energy peak. The 
amount of S/C (around 5%) does not appear to be affected significantly by the presence 
of the plasma nor by the rate of H2 flow,yet the presence of the plasma does shift the 
S2p peaks to slightly lower binding energies. Therefore, we see that the exposure to the 
Ar/1-12 plasma is not essential for sulphur to attach to the CNTs but does help to provide 
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Figure 7.3: The influence of the H2 flow rate in the Ar/H2 plasma exposure (total flow = 
100 sccm) on (a) the SIC ratio and (b) the position of the S2p energy peak of 
the sulphur/CNTs. When atH2=0 sccm, no plasma has been struck. 
A level of confidence can be given to the assignation of the S2p peaks for the plasma 
exposed CNTs and that complete thiolation was achieved due to the observed spin 
orbit coupling. During the peak fit, the S2p regions were fitted with Sp 312 :Sp 119 of 2:1 
without the addition of further peaks. If indeed an overlap between CNT-S-S-CNT and 
CNT-SH has occurred, deconvolution by a single peak would not be possible [124]. 
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Plasma functionalisation of graphite and glassy carbon using SO2 plasma have shown 
similar sulphur atomic percentages and position of the S2p peaks, at D.C. bias voltages 
and exposure times close to those used in these experiments [163]. Moreover, the ad-
hesion of sulphur in the thiol region without the presence of additional S-O peaks is 
demonstrated in our thiolation method, even after 4 weeks exposure to atmosphere. 
The SO2 bonding, often found in different methods of treating the CNTs [34,35] and 
other forms of carbon [42, 126, 164], is observed by others usually at 167 eV. In addi-
tion, the oxygen peak component has not been seen to increase in our thiolated CNTs 
after 4 weeks exposure to atmosphere, as has been the case in our previous studies on 
the fluorine functionalisation process [17, 18]. 
Experimental evidence suggests that the lack of oxygen incorporation into the CNTs 
is inherent to our thiolation process. Unfortunately no plasma diagnostic tools were 
available for these experiments, but a presumption can be made that by the lack of SO 2 
peak especially after the time interval of 4 weeks has elapsed, that the plasma created 
defect sites were directly functionalised by the SH plasma in the reactor. 
7.2.3 The Raman Spectra of Thiolated CNTs 
The Raman spectra for the control CNTs, sulphur/CNTs and sulphur/CNTs exposed to 
Ar/H2 plasma are shown in figure 7.4. The presence of D and G bands and the RBM 
modes indicate that the tubular structure of the nanotubes have not been destroyed by 
these plasma treatments, figure 7.4(a) and that the average tube diameter distribution 




discussed in Chapter 3.1. 
A zoomed in view of the Raman spectra between 500 and 1200 cm' show low inten-
sity peaks inherent to the Raman spectra of carbon nanotubes [110, 152] are evident 
in all three samples, figure 7.4(b). Neither the S=C peak at 1095cm - ' nor S-S peak 
at 585cm - ' have been observed after the plasma thiolation treatment, in contrast to 
results reported by Lim et al. [35]. The lack of S as indicated by Raman in our exper-
iments could be due to the small sulphur atomic concentration measured, around 5% 
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Figure 7.4: The Raman spectra of control CNTs, sulphur/CNTs and sulphur/CNTs exposed 
to Ar/H2 plasma 
by XPS experiments, whereas in the method used by Lim et al., the sulphur content is 
expected to be higher [35]. 
Other work where carbon films and carbon rods have been doped with sulphur result-
ing in atomic percentages similar to those observed in our experiments also show no 
sulphur related peaks in the Raman spectra [123, 165-168]. 
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7.2.4 Direct Thiolation Summary 
The plasma thiolation process has been successful in the production of an environment 
capable of attaching thiols to CNT sidewalls. The heating of the sulphur and the ad-
dition of a H2 feed stock gas were both essential in creating such an environment as 
without either CNTs were not thiolated. The plasma chemistry has also been advanta-
geous for the thiolation without the addition of excess of oxygen contaminants which 
are known to alter the electrical behaviour of the CNTs. 
7.3 Self-assembly of Thiolated Carbon Nanotubes 
The directly thiolated CNTs have been self-assembled onto predefined Au electrodes. 
As the XPS has indicated the presence of sulphur in the thiol region, the self-assembly 
is presumed to be due to the spontaneous reaction between the gold and thiol bond. 
Such that 
SH+Au—SAu+H 	 (7.2) 
7.3.1 Self-Assembly Experimental Procedure 
For the self-assembly of thiolated CNTs, a drop of functionalised CNT solution was 
placed in 2 ml of 1,2-dichloroethane and sonicated for 10 minutes. The 1,2-dichloro 
ethane was used as the suspension solvent for the CNTs as the 7r bond in the ethane 
molecule is known to attract the ir bonds of the CNT surface allowing for better suspen-
sions compared to other common solvents such as IPA. 
Electrode structures which had been fabricated by e-beam lithography and e-beam 
evaporated Ti/Au (5/25 nm) were cleaned by sonicating in ethanol then removing 
the samples and heating in an oven at 120°C for 20 minutes. The cleaned electrode 
samples were then left in the functionalised CNTs solution and covered for 12 hours. 
The samples were then removed, cleaned by ethanol rinsing and viewed in the Hitachi 
S4500 scanning electron microscope (SEM). 
The thiolated CNTs described as sample 2 in table 7.1, whereby plasma exposure for 
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1 minute was performed at 250 W R.F. power, and feed stock gas of Ar/H2 75/25 
sccm respectively, were used for the self-assembly process. Both HiPCO CNTs from 
CNI and laser ablation CNTs made by Zhang [1691 at NEC were subjected to identical 
plasma treatment and self-assembly tests. Spectroscopic data' was in agreement with 
the earlier discussion showing that the growth method of the CNTs did not alter the 
plasma thiolation properties. 
7.3.2 Scanning Electron Microscopy 
Figures 7.5 and 7.6 both show the self-assembly of thiolated CNTs across Au electrode 
structures, by SEM characterisation. Several authors have indicated the end groups of 
CNT5 to be the most reactive part of the CNTs [2, 31, 34, 35]. 
The low stoichiometries of the sulphur attachment shown in figure 7.3 support the 
hypothesis that the sulphur will not have bonded along the entire length of the CNT5. 
The self-assembly is therefore thought to be due to the SH bond being at the more 
reactive ends of the CNTs. The observed nature of the self-assembly is for the CNTs to 
bridge the defined electrode structure as clumps of CNTs, see figures 7.5 and 7.6. The 
HiPCO CNTs show larger clumps on average than the laser ablation CNTs. 
The reaction dynamics of the self-assembly system is thought to depend on the energetic 
balance between the S-Au bond and the mechanical properties of the CNT bundles. 
Due to the length of the CNTs the reaction dynamics will have shifted towards the 
intermolecular forces between the CNTs rather than the thiol gold interaction. 
CNTs were also seen to have self-assembled onto the larger gold pads. There was little 
example of adhesion of CNTs to the 5i02 surface although the presence was not 100% 
exclusive. In comparison, the sulphur/CNT non-plasma exposed sample has shown no 
sign of self-assembly to the gold electrodes nor any surface physisorption effects after 
the self-assembly stage. 
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Figure 7.5: Examples of HIPCO plasma thiolated carbon nanotubes bridging Au elec-
trodes. Six examples of the CNTs bridging the electrodes are shown in figures 
(a)-(f). The CNTs are visibly bundled together 
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Figure 7.6: Examples of laser ablation plasma thiolated carbon nanotubes bridging Au 
electrodes. Five examples of the CNTs bridging the electrodes are shown in 
figures (a)-(e). The CNTs are visibly bundled together 
115 
Plasma Tliiolation of Carbon Nanotubes for Self Assembly 
As an initial test of the CNT self-assembly, a 1 cm  Si0 2 chip was lithographically pat-
terned with Au trenches and the self-assembly process tested. However, there was no 
possibility of backgating these device for further electronic characterisation. The CNT 
dispersion solvent in this case was ethanol. Figure 7.7 shows both low and high reso-
lution scanning electron micrographs of the functionalised CNTs lying across the gold 
trenches after self-assembly. 
Figure 7.7: An SEAT image of the sulphur/UVTs exposed to Ar/H2 self assembled across 
gold trenches 
The CNT bundles are seen to align across the trenches as opposed to along the trenches. 
The bundles appear on average to be larger than those observed when CNTs are sus-
pended in 1,2-dichloroethane. As discussed above the thiolation is more likely to have 
occurred at the end of the CNTs. The reaction dynamics indeed shows a definite favour-
ing of CNTs bridging electrodes. The previously thiolated CNTs made by Liu et al. [34] 
has shown the CNTs to self-assemble vertically, e.g. perpendicular to the Au surface. 
There the CNTs had been shortened during the aggressive acid functionalisation stages 
required for the thiolation process. As such, the Liu process would not be as suitable 
for the CNT devices produced here. 
The reaction dynamics of the direct thiolation system was also seen to be dependent 
upon the initial suspension of the CNTs in the solvent. There was a trade off between 
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the self-assembly of the CNTs and the bundling together within the solution after soni-
cation. If the CNTs were not well suspended no self-assembly took place and the sample 
surface showed only large bundles of CNTs which were merely physically absorbed to 
the surface. 
7.3.3 Self-Assembly Summary 
The SEM images have shown that both HiPCO CNTs and laser ablation CNTs can be self 
assembled across gold electrodes after direct plasma thiolation. The reaction dynamics 
of the self-assembly process in relation to the chain length of the carbon nanotubes 
appear to have been advantageous in these experiments, allowing the CNTs to bridge 
Au electrodes over an oxide region. 
7.4 Electrical Characterisation of Plasma Thiolated Carbon 
Nanotubes 
Thiolation of single-walled CNTs has been demonstrated whereby the ends of the nan-
otube bundles have been selectively functionalised making it favourable for the nan-
otubes to self-assemble across a substrate to bridge gold electrodes. 
7.4.1 Electronic Testing: Experimental Procedure 
To characterise the electronic behaviour of the thiolated CNTs, the HP4156B probe anal-
yser was used. The CNTs had been self-assembled following the procedures outlined 
previously in Section 7.3. 
When only two contacts were available the CNT films were probed between a source 
and drain voltage. Where backgated devices were fabricated, the CNTs were tested 
between a source, drain and gate probe as described in Chapter 3.3. 
7.4.2 Thiolated CNT Bulk Film Behaviour 
Films of directly thiolated CNTs have been assembled over gold electrodes on Si0 2 in 
a similar method to the self-assembly process. The electrical behaviour of the bulk 
117 
Plasma Thiolation of Carbon Nanotubes for Self Assembly 
film has shown an average resistance of 15454 Ohms at 10 V figure 7.8 and is shown 
in comparison to a randomly dispersed bundle of pristine CNTs. Such a current is 
higher than that observed for single CNTs bridging electrodes by electric field alignment 
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Figure 7.8: The source-drain characteristics of a self-assembled S-CNTs bundle produced 
at room temperature, and a randomly dispersed bundle of pristine CNTs. 
However, it is not possible to say how many CNTs are present, nor directly relate these 
results to bulk behaviour of CNT films due to the statistical differences in any CNT 
suspension, a recurring problem throughout this study. As discussed in Section 7.3, the 
samples ought to be backgated for electronic characterisation, which has been done 
with the 1,2-dichloroethane suspended CNT samples. 
7.4.3 Back-gated Thiolated CNT Device Behaviour 
As a comparison between the different CNTs, devices have been made with both HiPCO 
carbon nanotubes from CNI which were purchased with a presumed acid purifica-
tion steps and also laser ablation carbon nanotubes made within the NEC labs [169]. 
Where dense CNT solutions were produced and large bundles of CNTs observed metal-
lic conduction dominated the conduction. A technique known as "burn-off", see Chap-
ter 6.5.1.1, was applied to the metallic behaving devices, however it was not always 
possible to burn-off the metallic CNTs. Nevertheless, with low concentration solutions 
the CNTs could be burnt-off to show p-type semiconducting behaviour. 
Figure 7.9 shows an example of self-assembled HiPCO and laser ablation CNTs current 
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Figure 7.9: I-V characteristics of back-gated self-assembled thiolated carbon nanotubes. 
(a) and (b) show the source-drain characteristics for the self-assembled HiPCO 
and laser ablation CNTs respectively. (c) and (d) show the backgated output 
characteristics for the self-assembled HIPCO and laser ablation CNTs. The 
whole line and the dashed line show two different devices on a single chip. 
voltage characteristics. Figures 7.9(a) and 7.9(b) show the source-drain characteristics 
of the self-assembled CNTs at Vg = 0 V. Figures 7.9(c) and 7.9(d) show the backgated 
output characteristics at Vds = 2 V. The gate dependent effects of the HiPCO CNTs ap-
pear reduced to those of the laser ablation CNTs. Although the magnitude of the source-
drain current is of the order of microamps for both types of devices, the HiPCO CNTs 
appear weakly p-type although largely metallic. The laser ablation CNTs by contrast 
show a strong metallic component, but a greater indication of p-type semiconducting 
behaviour. 
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The crucial difference between the two types of tube used here is the ability to sus-
pend the laser ablation CNTs being an improvement on HiPCO CNTs. As a practical 
consideration the HiPCO batch purchased in 2002 displays a powder consistency and a 
tendency to form tight bundles. The Laser ablation CNTs are more rope like and make 
a better suspension. However, in these experiments both types of CNTs have bundled 
together. The working device yield is also very low,less than 10%, presumably due to 
limitations in the suspensions. 
Each device on any given chip made here has had different current voltage behaviour, 
between stable metallic bundles and small groups of CNTs which are easily burnt off 
by the application of a source drain voltage. As yet there is no clear indication of how 
the different chiralities of CNTs present in any given bundle will affect the electrical 
characteristics of the CNT devices. However, the HiPCO CNTs, which had formed large 
bundles, show a stronger metallic component than the laser ablation CNTs, which had 
formed smaller bundles. 
At present, it is promising to show that CNT devices have been made by the direct 
thiolation process without damaging the CNTs so dramatically that the electrical char-
acterisation is impossible. Field-dependent device characteristics have been observed 
when low concentrations of CNTs bridge electrodes. Otherwise metallic conduction has 
dominated. 
7.4.4 Electronic Characterisation Summary 
The electronic characterisation of the self-assembled thiolated CNTs has shown that the 
CNT device vary considerably depending upon the bundle formed. Devices have been 
observed to behave as metallic conductors and p-type field dependent devices. The 
suspension of CNTs is thought to be limiting the device uniformity. 
7.5 Conclusion 
The plasma thiolation process has been successful in the production of an environment 
capable of attaching thiols to CNT sidewalls. The heating of the sulphur and the ad- 
dition of a H2 feed stock gas were both essential in creating such an environment as 
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without either CNTs were not thiolated. The plasma chemistry has also been advanta-
geous for the thiolation without the addition of excess of oxygen contaminants which 
are known to alter the electrical behaviour of the CNTs. The direct thiolation method 
used here has been an advantage over the previous thiolation methods [33-35] as no 
long acid purification steps were required and the resulting structure did not involve 
any long or short chain molecules between the thiol and the CNTs. 
The SEM images have shown that both HiPCO CNTs and laser ablation CNTs can be self 
assembled across gold electrodes after direct plasma thiolation. The reaction dynamics 
of the self-assembly process in relation to the chain length of the carbon nanotube 
appear to have been advantageous in these experiments, allowing the CNTs to bridge 
Au electrodes over an oxide region. The bridging was in contrast to CNTs self-assembled 
perpendicular to the Au surface as was the case for the thiolated CNTs made by Liu et 
A [34]. 
Self assembled CNT devices measured in back gated geometry were observed to act 
as large bundles of metallic CNTs, or as p-type field dependent devices. Although the 
sulphur plasma has indeed been shown to allow CNT self-assembly across electrodes the 
yield of working devices is relatively small and unreliable. It is proposed that further 
improvements to the CNT suspensions and the patterning of Au microdots between 
electrode structures could be used to optimise the thiolated CNT self-assembly process. 
In the next chapter, a second self-assembly method is proposed whereby CNTs are at 
tracted by 7r bond interaction to a molecule stamped onto a substrate surface. The 
yield of the working device is found to increase as is the uniformity of the CNT bundles 
bridging the electrodes. The molecular stamping and self-assembly methods will be 







The need to selectively position carbon nanotubes (CNTs) for CNT device applications 
has been addressed in the introductory chapters. Direct thiolation of CNTs was de-
veloped in earlier work as a means of positioning CNTs and is discussed in Chapter 7. 
However, the direct thiolation and self-assembly process resulted in a low yield of work-
ing CNT devices, largely due to poor suspensions of the CNTs. 
A molecular stamping technique has been developed whereby CNTs can self assemble 
due to ir - ir interactions with a pyridine molecule. The molecular stamping and self-
assembly techniques have resulted in high device yield of approximately 90%. The 
fabrication process and the self-assembly for CNTs is discussed in the following chapter, 
along with the improved suspensions of CNTs for device applications. Finally the self-
assembled CNT devices are characterised electronically. The potential applications of 
this method will be discussed. 
8.1 Molecular Stamping and Self-Assembly Techniques, a Brief 
Review 
The motivating factor for the work carried out here is the need to position CNTs without 
interacting with the inherent electronic properties of the CNTs, in a fast, simple high 
yield process. 
Molecular stamping for CNT device fabrication had previously been developed for the 
positioning of CNTs by Rao et al. published in Nature [38], using polar molecules and 
surface passivation. The polar molecule used by Rao et al. [38] was 2-mercapto im-
idazole, the non-polar region 1-octadecanethiol and the passivation region octadecyl-
trichlorosilane. It has also been seen by other authors that well dispersed CNTs selec-
tively attach to aminopropyltriethoxysilane [170, 171] either over entire substrates or 
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by selectively exposing areas over an electrode structure. It is therefore interesting to 
speculate the dominant mechanism in the method proposed by Rao et at.. It could be 
either the polarity of the stamped regions, the aminosilane layer or the carbon it bonds 
in the imidazole. In addition the fabrication process outlined by Rao et at. was unclear 
and indicated the requirement of many stages. 
To produce CNT devices here, CNTs were self-assembled onto clean silicon dioxide 
substrates or onto predefined Au electrodes using molecular stamping techniques. A 
method is proposed using soft-lithography inking techniques [40,41] of 2-thiolpyridine 
a non-polar and short chain R-thiol molecule at room temperature, as a two step fabri-
cation process for CNT devices. The selection of 2-thiolpyridine is due to the short chain 
length as less interaction with the nanotube electronic behaviour is expected. The pyri-
dine end of the 2-thiolpyridine molecule is expected to attract the CNTs by it bond 
interactions, as shown in other work for large pyrenyl functional groups to nanocarbon 
materials [172]. 
An advantage to this method over the self-assembly techniques described by others [38, 
170, 171] is the simplicity of the stamping procedure. The method developed here has 
the potential for easy application for both pristine and functionalised CNTs, with a high 
working device yield. 
8.2 Molecular Stamping for CNT Devices 
8.2.1 Molecular Stamping Experimental Procedure 
The device fabrication was attempted with two distinct methods. Methods I and II are 
shown schematically in figure 8.1 and the fabrication process described by table 8.1. 
The stamping mechanism is identical in both cases and can be described by three main 
stages. 1) The production of a Poly(dimethylsiloxane) (PDMS) stamp, 2) the stamping 
of 2-thiolpyridine onto the relevant surface and 3) the self-assembly of the CNTs onto 
the surfaces. These stages are described below in more detail. 
1. Production of the PDMS stamp: To produce the PDMS stamp a clean Si wafer 
was used to fabricate the mask mould. The Si wafer was patterned using e-beam 
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Figure 8.1: A schematic representation of the molecular stamping process 
lithography and the developed patterns etched to a depth of 20 prn using TMAH 
(259€) at 90°C resulting in smooth sloped sidewalls. 
The etched wafer surfaces were then spin coated with a fluorocarbon containing 
solvent, Optool DSX from Daikin, immediately prior to being spin coated with 
a 10:1 weight ratio of Sylgard 184 base to curing agent respectively. Prior to 
spinning, the Sylgard 184 mixture was stirred thoroughly and then degassed in a 
vacuum chamber for 2 hours or until no air bubbles remained in the mixture. 
After curing at 100°C for 2 hours, the PDMS stamp could be easily removed from 
the Si master, with no damage to the stamp and complete transfer of the original 
pattern. 
2. Molecular stamping of 2-thiolpyridine: 0.120 g of 2-thiolpyridine was dissolved 
in 30 ml ethanol at room temperature. The PDMS stamps fabricated as in part 
1) were placed on a glass slide, with the patterned surface exposed to an oxygen 
plasma for 30 s, producing a hydrophilic surface. The stamps were then spin 
coated with the 2-thiolpyridine in ethanol solution, minimising the time between 
plasma exposure and stamping. 
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Method I Method II 
(a) Si0 2 substrate is stamped with a • 2- (a) Au electrodes are fabricated onto 
thiolpyridine coated unpatterned PDMS Si02/Si substrate. 	The electrodes are 
stamp. cleaned and heated before being care- 
fully aligned and contacted with a 2- 
thiolpyridine 	coated 	patterned 	PDMS 
stamp. 
(b) The stamped substrate is submerged The stamped substrate is submerged 
in a solution of CNT5 dispersed in 1,2- in a solution of CNTs dispersed in 1,2- 
dichioroethane. 	The CNTs self-assemble dichloroethane. 	The CNTs self-assemble 
over the substrate surface. After 12 hours over the substrate surface for 12 hours. 
the substrate is removed and cleaned in 
clean 1,2-dichioroethane. 
Au electrodes are fabricated on top of (c) The substrate is rinsed clean in 1,2- 
the self-assembled CNTs on the Si02 sub- dichloroethane. Resulting in the final de- 
strate to make the final device, vice. 
Table 8.1: The self-assembly fabrication process 
Meanwhile the predefined electrodes in method II were sonicated in clean ethanol 
and heated at 120°C in an oven for 20 minutes to clean the gold. The substrates 
were held by a vacuum chuck suspended above the PDMS stamps using a mod-
ified optical microscope shown in figure 8.2. The vacuum chuck position was 
controlled in x, y, z and rotation. 
The PDMS stamps remained on glass slides and using a backlight geometry micro-
scope, the stamps and the wafer surfaces could be accurately aligned by eye. The 
substrate was then lowered using the vacuum chuck and carefully brought into 
contact. The stamps and the wafer surfaces were held in contact for 1 minute 
before release. Each stamp was used only once. 
3. Self-assembly of carbon nanotubes onto the wafer surfaces: The CNTs used in 
these experiments were grown in house by laser ablation method [169]. To obtain 
a good dispersion of the CNTs, 10 ig of CNTs were sonicated in 10 ml of 1,2-
dichioroethane for 30 minutes - 1 hour. Initially small clumps of CNTs could be 
observed, but after sonication the solution was clear to the naked eye, at this stage 
sonication was stopped. 
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The functionalised substrates or Au electrode surfaces produced by the stamping 
method outlined were then placed in the CNT solution immediately after stamp-
ing of the 2-thiolpyridine in part 2 and left in the solution for a minimum of 12 
hours. 
For both methods I and II the electrodes were defined by e-beam lithography. The 
metal was deposited by e-beam evaporation with a 5 nm Ti sticking layer and 25 
nm of Au, and patterned using standard lift-off techniques as described in the ml-
crofabrication chapter. Immediately after removal from the self-assembly solution 
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Figure 8.2: The vacuum chuck 
SEM characterisation of the surfaces was used to show that CNTs had successfully ad-
hered to the substrate surfaces, using the Hitachi S4700 and S4500 SEM. The electronic 
properties of the devices produced were probed using the HP4156B analyser. All devices 
were back-gated using a prefabricated gold contact on the backside of the Si-wafers. 
8.2.2 The Molecular Stamping Mechanism 
For the self-assembly of CNTs using 2-thiolpyridine to be successful, it is necessary to 
consider the mechanism of the self-assembly process. A diagram of the 2-thiolpyridine 
molecule is shown in figure 8.3. 
The attachment of the 2-thiolpyridine to the Si02 and Au surface is believed to be due 
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Figure 8.3: A schematic representation of the 2-thiolpyridine and CNT self-assembly pro-
cess 
to the thiol (SH) bond on the end of the 2-thiolpyridine. It is well known that in the case 
of thiol and gold the R-SH bond easily becomes R-S-Au [40,41] and it is believed that 
a similar effect will take place between SH and Si0 2 with the dangling bonds on the 
oxide surface. X-ray photoelectron spectroscopy data collected from a 2-thiolpyridine 
stamped Si02 sample has confirmed the presence of sulphur, nitrogen and carbon on 
the substrate surface'. The second stage of the self-assembly process depends on the 
pi bond interaction between the CNTs and the pyridine end of the 2-thiolpyridine as 
shown in figure 8.3. 
Several considerations were needed at this stage with regard to the concentration of the 
2-thiolpyridine solution. The concentration must be sufficiently dense such that there is 
an even coating of 2-thiolpyridine over the stamped regions. If the concentration is too 
dense then the 2-thiolpyridine is believed to close-pack whereby the pi bonds from the 
pyridine are attracted only to the pi bonds of other pyridine molecules nearby, disallow-
ing self-assembly of the CNTs. By optimising the concentration of the 2-thiolpyridine, 
self-assembly of CNTs by molecular stamping was achieved. 
'Not shown here. 
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8.2.3 PDMS Stamp Geometry: Large Stamps 
Initially stamps were fabricated as 20 pm by 120 pm rectangles and aligned onto 100 
pm2 electrodes as shown schematically in figure 8.4. 
Au electrodes 




Figure 8.4: A schematic representation of the course alignment stamp and electrode ge-
ometry 
Shown below in figures 8.5(a), 8.6(a), 8.7(a) are the SEM images of stamped surfaces 
where CNTs have self-assembled between the electrodes. In figures 8.5(b), 8.6(b), 8.7(b) 
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Figure 8.5: The SEM image of a large bundle of CNTs and the measured source-drain 
characteristics 
It can be seen that in the case of figure 8.5, where a large bundle of CNTs are observed to 
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(a) SEM image of a CNTs bundle junction 
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(b) Source-drain characteristics of the CNTs 
bundle junction 
Figure 8.6: SEM image of a bundle of CNTs with a junction. Corresponding source-drain 
characteristics are shown. 
Figure 8.6 shows a bundle of CNTs making a junction with a smaller bundle. The drain 
current as a function of source drain voltage shows the CNTs to be rectifying in nature. 
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(b) Source-drain characteristics of the CNT 
junction 
Figure 8.7: The I-V and SEM image of a small bundle of CNTs clearly showing ci junction 
A smaller CNT junction, presumed to be only several tubes or even a single CNT, im-
aged due to the high contrast between the conducting tubes and the insulating oxide, 
is shown in figure 8.7. The drain current as a function of source drain voltage dearly 
shows rectifying behaviour similar to the previous junction characteristics. Here, where 
each individual CNT devices have been imaged and probed individually, the dominance 
of the metallic CNTs in large bundles is observed. Small CNT bundles have shown 
increased semiconducting behaviour here, with asymmetrical source-drain character-
istics. It would also be possible to observe small bundles of metallic CNTs, however, 
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here semiconducting device behaviour was shown. These characteristics confirm the 
earlier discussion in Chapters 6 and 7, where the CNT device behaviour varied due to 
statistical differences in the bundles. 
Although the stamping method using large PDMS stamps has been shown to produce 
a region where CNTs can self assemble between pre-defined electrode structures, the 
working device yield is low, at approximately 30%. Primarily the low yield is thought 
to be due to the large gap between the electrodes of 10 jim. 
8.2.4 PDMS Stamp Geometry: Small Stamps 
To counteract the low device yield achieved when the electrode spacing is large, a 
new stamp and electrode structure was created by e-beam lithography and is shown in 
figure 8.8. The new structure allowed spacing between electrodes of 100 nm, 300 nm, 
500 nm and 1 jim and stamp structures of 30 jim by 5 Mm. 
Au electrodes 
100 tm2 
Au electrodes I irn width, 
spacing ranges v ary 
HH/ 1 
PDMS stamps 
30p.m by 5tm 
Figure 8.8: A schematic representation of thefine alignment and electrode geometry 
Following method I as described in Section 8.2, figure 8.1 and table 8.1 the CNTs were 
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often found to be covering the Si0 2 substrate surface, appearing as a uniform coating. 
After the fabrication of the electrodes by e-beam lithography and e-beam metal evapo-
ration, CNTs were observed to be bridging the electrodes structures. A success rate of 
90 1/(- was found, success being defined as CNTs bridging the electrodes to allow current 
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Figure 8.9: SEM image of CNT device made via method I 
Similar geometry electrodes to those made in method I were fabricated and following 
method II CNT devices were produced. Method II also showed a high yield of successful 
conduction between electrodes, with approximately 90% of contacts probed showing 
conduction. Figure 8.10 shows the typical surface for a device made by method II using 
the small geometry stamp system. 
It should be noted that due to inaccuracies of the manual stamping method, the stamp 
often deformed and 2-thiolpyridine was stamped across the substrate surfaces, not just 
onto the electrode regions during fabrication via method II. Yet using method II without 
alignment the device yield is lower, at around 30%. CNTs were not observed over the 
substrate surface for the coarse alignment geometry used with method II stamping 
technique as the stamp area was larger and therefore more rigid. It would require 
greater pressure to deform the stamp. An oxygen plasma removal process could be 
applied to remove the excess CNTs not bridging the electrodes. 
The self-assembly method developed here is different from those produced by Rao et 
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Li 
Figure 8.10: SEM image of CNT device made via method II 
al., Lay et al. and Lewenstein et a! [38, 170, 171] where aminosilane layers have been 
used. In the case of the aminosilane self-assembly, CNTs tended to form more isolated 
groups and have not been as bundled as the devices made here, presumably due to 
initial suspension improvements. The Lay and Lewenstein methods both required stages 
to remove excess CNTs on the substrates. However, the self-assembly method developed 
here has the advantage of being a fast and simple fabrication process. The PDMS stamps 
are easily made and the 2-thiolpyridine self-assembles well across a substrate. Also, the 
method can be readily applied to both pristine and low stoichiometry functionalised 
CNTs. 
8.2.5 Molecular Stamping Summary 
The stamping of 2-thiolpyridine over Si0 2 substrates and onto predefined electrode 
structures has been a useful method for the self-assembly of CNTs. A low concentra-
tion of 2-thiolpyridine in ethanol has been optimised to allow a dense layer of the 2-
thiolpyridine without close packing of the pyridine molecules. By suspending the CNTs 
in 1,2-dichloroethane at low concentration, the ir bonds of the CNTs are attracted to 
the—., bonds of the pyridine end of the 2-thiolpyridine. Thus allowing for self-assembly 
of the CNTs. The distance between the electrodes must also be optimised to allow for 
CNTs to successfully bridge the electrodes. By reducing the electrode spacing the yield 
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of working devices was increased; 
8.3 Electronic Characterisation 
The CNT devices fabricated by molecular stamping have all resulted in backgated CNT 
devices suitable for transistor type behaviour. The electrodes are tested as described in 
Chapter 3.3, with a source, drain and back gate all probed using the HP4156B analyser. 
8.3.1 Source-Drain Characteristics of Self-Assembled CNTs 
An average example of the source-drain characteristics of devices produced by method 
with a 500 nm gap between the source and drain electrodes, are shown in fig-
ure 8.11(a) 8.11(b), 8.11(c). The differences between each device is the concentration 
of CNTs in the 1,2-dichloroethane solution. Although carefully measured with 10 ig 
of CNTs in 10 ml of 1,2-dichloroethane, there were slight differences between each so-
lution, resulting in more CNTs on the surface for device method I (a), and decreasing 
to device method I (c), where the CNT solution was deliberately further diluted during 
the self-assembly stage. 
Figure 8.11(d) shows the typical source-drain behaviour of a device produced by method 
also with 500 nm gap between the source and drain electrodes. It is seen that the 
value for Ids is of the same order of magnitude for the devices made by method I (a) 
and method II. Similarly the magnitude of Ids is similar for devices by method I (b) and 
(c). 
The devices produced by method I (a) (b) and (c), show source-drain curves that are 
asymmetric around the origin, implying that the CNT devices are semiconducting in 
nature. There is a reduction in Ids when the gate voltage is altered from -5 V -2 V to 2 
V and 5 V during the source drain voltage sweep, figure 8. 11, such behaviour observed 
here is indicative of p-type CNT devices as described in the background section in Chap-
ter 3. The devices produced by method II in contrast have shown no field-dependent 
behaviour. When the gate voltage is altered the source-drain characteristics follow an 
identical curve, regardless of whether Vg is at -5 V or +5 V, or any value in between. 
It can therefore be stated that method I type devices have shown semiconducting be- 
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Figure 8.11: The source-drain characteristics for devices produced by method I and H at 
Vg = -5, -2, 2 and 5 V Method I type devices have all shown semiconducting 
behaviour, with a change in Vg affecting the drain current during the source-
drain sweep. At positive Vg, the drain current is reduced. The method H type 
device shows no dependence on Vg and acts as a metallic conductor 
haviour whilst method II type devices are metallic. 
8.3.2 Gate Field Dependent Characteristics of Self-Assembled CNTs 
The backgated output characteristics of the devices made by method I and method 
II are shown in figure 8.12, confirming the p-type behaviour of the field dependent 
devices. It is noted that method I produces devices with field dependent behaviour 
characteristic of semiconducting CNTs. Method II has been shown to produce metallic 
type devices. All field dependent devices have exhibited p-type behaviour as expected 
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from unfunctionalised CNTs measured in air. 
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Figure 8.12: The backgated output characteristics for devices produced by method I and 
II. Vds is altered from -0.5 V to -2.5 Vat 0.5 V step size. The method I type 
devices show p-type semiconducting behaviour, with devices (a) and (c) both 
showing a metallic leakage path. The method II type device shows metallic 
behaviour 
The devices made by method I (a) show multi-channel CNT FET characteristics, with a 
relatively high off current shown as 2 x 10-5  A at Vds = -2.5 V. The remaining on current 
may be due to a metallic CNT component bridging the electrode structure. No burn-
off was attempted here. The device made by method I (b) shows the most promising 
transistor behaviour with a low off current at magnitude of nA and little indication of a 
metallic leakage current. The device made by method I (c) also shows a small metallic 
leakage current. 
The devices produced in method I behave similarly to other FETs produced by other 
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groups having Au electrodes fabricated on top of CNTs over the gate voltage ranges used 
here [36, 60, 173, 174] and similar oxide thickness. The devices have not yet reached 
saturation, due to the thickness of the gate oxide. Thinner oxides have been shown to 
produce devices with larger dependence of Ids at low gate voltages [58, 64 5  68, 69, 73], 
where saturation of the devices was observed within the gate voltage ranges tested 
here. 
As the channel length of the devices is short, 500 nm for the results shown it is also 
not possible to reliably determine the mobility of the carriers in the CNT devices, as 
the channel in such a short channel device will not dominate the carrier flow [68, 73], 
discussed previously in Chapter 3. 
It is proposed that the observed field dependent behaviour is due to the effect of the 
gate voltage on the CNT/electrode interface in each situation, at the channel lengths 
probed here (500 nm), the conduction in the CNT FETs is predicted to be due to the 
field-induced lowering of the Schottky barriers. Due to the oxide being thick, 50 nm, 
screening of the Schottky barriers at the gate voltages probed has occurred and these 
devices have not yet reached saturation. 
8.4 Comparison of Field-Dependent Behaviour between Met-
hod I and Method II Type Devices 
Returning to the two device fabrication methods, of method I and method II, the fab-
rication process has resulted predominantly in devices which are field-dependent for 
method I, and metallic for method II. As all materials used were the same and the 
microfabrication processes are well characterised, the explanation of such behaviour 
must lie in the device structure differences due to the altered order of the fabrication 
processes between method I and method II. 
8.4.1 The Device Structure 
The final device structures for method I and method II are shown in figure 8.13. During 
the electrical characterisation employed here, no selectivity in the growth of CNTs be- 
tween metallic and semiconducting was attempted, nor any burn off of metallic CNTs 
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attempted as in other work [60,77]. Yet, method I type devices are field dependent 
and method II type devices are not. 
Source 	 Drain 












(b) The device structure for Method II type devices 
Figure 8.13: The device structures 
For method I the device structure is CNT/Ti/Au, with any 2-thiolpyridine contribution 
being beneath the CNT, figure 8.13(a). It is well known that the CNT/Ti contact could 
have formed titanium carbide which has often resulted in Schottky barrier dependent 
CNT FET devices [68,69,73, 173]. It is probable that in the method I fabrication pro-
cess the CNT and electrode make a good contact, as the Ti is e-beam deposited directly 
on top of the CNTs, resulting in the field dependent behaviour observed here. 
For devices produced by method II the structure is CNT/2-thiolpyridine/Au/Ti, fig-
ure 8.13(b). The quality of the Au/CNT contact is not expected to be as high as the 
TVCNT contact made in method I as the 2-thiolpyridine lies between the electrode and 
the CNT. It is possible in the case of method II devices that the 2-thiolpyridine is acting 
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8.4.2 Gate Screening Effects 
During the method II fabrication process, the CNTs are self-assembled on top of the 
2-thiolpyridine layer above the electrode structure. As a consequence of this, there is 
an extra physical barrier between the CNT and the electrode, as well as between the 
CNT and the gate field. 
Figure 8.14: The gate dependence of a device made by method II in comparison to a device 
made by drop-coating of CNTs 
Figure 8.14 shows a comparison between the backgated characteristics of a device made 
by method II, and a device made by drop coating a CNT solution over similar geometry 
electrodes. The overall conduction for the drop coated device is higher as a consequence 
of the altered CNT suspension. 
Within the gate voltage range of -5 to +5 Vg, the method II type device shows no field 
dependent behaviour, figure 8.14. The drop coated devices in contrast shows a weak 
gate field dependence. By extending the range of the gate voltage in the negative direc-
tion to -20 Vg, field dependent conduction was observed in a typical method II device. 
This confirmed that the physical distance between the gate field and the CNT/electrode 
interface and the 2-thiolpyridine layer had previously limited field dependent conduc-
tion. For further device fabrication such gate screening effects must be considered. 
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8.5 Characterisation of Method I Field Dependent Devices 
8.5.1 Subthreshold Characteristics 
As discussed in Section 8.3.2, the devices produced by method I are observed to show 
field dependent behaviour. The devices are considered to be within the subthreshold 
regime as no saturation has yet been observed, a closer look at the gate dependent 
current of the devices in the subthreshold regime is shown below in figure 8.15(a) 
and a logarithmic plot in figure 8.15(b). The method II type devices are shown for 
comparison, however, as the method II type device shows no dependence on Vg within 
the range -5 to +5 V, they will not be discussed. 
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(b) Logarithmic drain current versus gate voltage at Vds = 
-2V 
Figure 8.15: The drain current (Ids) as afunction of gate voltage for devices method 1(a), 
method I (b), method I (c) and method II. 
The dominance of the Schottky barrier in the CNT-FETs conduction has been studied by 
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The position of the slope is indicated in figure 8.15(b), on the source-drain current as 
shown in figure 8.16(d) where it is noted that the difference in Ids over the swept Vg 
is highest for device method I (b), covering 3 orders of magnitude, whereas method I 
(a) and (c) each cover only 1 order of magnitude. Both devices method I (a) and (c) 
each retain a higher off current than the method I (b) device indicating the presence of 
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Figure 8.16: Logarithmic backgated output characteristics for devices produced by method 
I and the corresponding subthreshold slope dependence on Vds 
Figure 8.16 shows the Ids of the field dependent devices at Vds from -0.5 V to -2.5 
V. The resulting subthreshold slopes of each device was then calculated and is shown 
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as a function of Vds in figure 8.16(d). The device fabricated by method I (a) has 
shown the greatest dependence on Vds, whilst device method I (b) has shown the 
lowest. The device produced by method II shows no change as discussed for metallic 
type conduction. The magnitude of S for device method I (a) is comparable to other 
work [36] for similar behaving devices. 
However, it is noted here that the subthreshold slope may not be a valid analysis for 
these devices as the inclusion of metallic CNTs can not be ruled out. We therefore 
are calculating the subthreshold slope for a device with a very large leakage current. 
Since the CNT dispersions were produced using CNTs fabricated in the same batch, the 
dominant factor for the differing behaviour between the devices is due to the original 
suspension of the CNTs in the self-assembly stages. 
8.5.2 Electronic Characterisation Summary 
The molecular stamping and self-assembly methods used here have successfully pro-
duced CNT devices. The device reproducibility and behaviour is seen to depend on 
the initial CNT suspensions. For any given suspension, CNT films were observed to be 
similar and Ids did not vary at higher Vg. However, the ratio of metallic and semicon-
ducting CNTs could not be homogenised, and as such dramatically altered the overall 
device characteristics. 
By reducing the physical distance between the CNT/electrode interface in method I 
and having good contact with the CNT and the the electrode, field dependent devices 
were made, over the gate field range Vg -5 V to +5 V. By stamping over predefined 
electrodes, where an increased physical distance between the CNT/electrode interface 
existed, method II, devices were observed to act as metallic conductors with little or 
no gate dependence, over the gate field range Vg -5 V to +5 V. By increasing the gate 
voltage to -20 V, p-type field dependence was observed for method II type devices. 
8.6 Statistical Differences in the CNT Devices 
As discussed previously in Chapters 6.5 and 7.4, problems exist in the CNT devices, 
with bundling of the CNTs causing a large shift in the drain currents observed for any 
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given device. In addition, there is also a difference between the chirality of the CNTs in 
any given bundle. Large variations in the magnitude of the drain current were observed 
for the fluorinated and further amine functionalised CNT devices in Chapter 6.5. Such 
problems also existed for the self-assembled thiolated CNTs in Chapter 7.4. 
To consider the suspension problems for the CNT devices made by the molecular stamp-
ing methods, four devices from the method 1(b) chip are shown in Figure 8.17. Device 
1 and 2 look similar to each other, both exhibiting semiconducting device behaviour 
with little indication of a metallic component due to the low off current, at magnitude 
of nano amps. Device 3 however, is markedly different from the devices shown be-
fore as it begins to exhibit ambipolar type behaviour. Such ambipolar behaviour is not 
impossible for CNT devices in au, although usually higher gate voltages are required. 
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Figure 8.17: Gate field dependent conduction of four devices made by method I (b). Log-
arithmic backgated output characteristics at Vds = -2 V 
As discussed in the introductory chapters, the p-type conduction observed for CNTs in 
air is not due to dopants, but rather it is due to the interface between the CNTs and the 
electrodes. Therefore for device 3 the interface must allow the conduction of holes and 
electrons depending on the field applied. Finally, device 4 is predominantly metallic. 
Although a weak field dependence has been observed, this device is clearly not purely 
semiconducting. 
Although the devices produced on the method I (b) sample have shown altered gate 
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dependent behaviour, it is interesting to note that the magnitude of Ids at -5 Vg is 
approximately the same for each device, in contrast to devices made in Chapters 6.5 
and 7.4. As such this is further indication of the uniformity of the CNTs coverage 
self-assembled over the 2-thiolpyridine in the molecular stamping fabrication process. 
However, the remaining irregularities in the suspensions of the CNTs between metallic 
and semiconducting CNTs is the limiting factor to the device reproducibility here. It 
would therefore be invalid to continue characterisation techniques such as mobility 
and subthreshold behaviour of the CNTs as the metallic leakage coefficient is too large 
to ignore in many of the CNT devices made by the molecular stamping methods. Also, 
the channel length, 500 nm, being too short to make mobility dominance likely [53]. 
8.7 Conclusion 
In conclusion the fabrication process outlined has continually allowed successful con-
tact of the CNTs between 2 electrodes. The stamping of 2-thiolpyridine over Si0 2 
substrates and onto predefined electrode structures has been a useful method for the 
self-assembly of CNTs, with high working device yield of 90%. A low concentration 
of 2-thiolpyridine in ethanol has been the optimised to allow a dense layer of the 2-
thiolpyridine without close packing of the pyridine molecules. By suspending the CNTs 
in 1,2-dichloroethane at low concentration, the 7r bonds of the CNTs are attracted to 
the ir bonds of the pyridine end of the 2-thiolpyridine. Thus allowing for self-assembly 
of the CNTs. The distance between the electrodes must also be optimised to allow for 
CNTs to successfully bridge the electrodes. By reducing the electrode spacing the yield 
of working devices was increased. 
By reducing the physical distance between the CNT/electrode interface in method I 
and having good contact with the CNT and the the electrode, field dependent devices 
were made, over the gate field range Vg -5 V to +5 V. The device reproducibility and 
behaviour is seen to depend on the initial CNT suspensions. For any given suspension, 
CNT films were observed to be similar and Ids did not vary at higher Vg. However, 
the ratio of metallic and semiconducting CNTs could not be homogenised, and as such 
dramatically altered the overall device characteristics. 
By stamping over predefined electrodes, method II, where an increased physical dis- 
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tance between the CNT/electrode interface existed, devices were observed to act as 
metallic conductors with little or no gate dependence, over the gate field range Vg -5 V 
to +5 V. By increasing the gate voltage to -20 V, p-type field dependence was observed. 
The interesting outcome of these experiments has been to show that CNTs can be 
self-assembled using ir bond interactions, to produce uniform CNT films for high de-
vice yields. Such 7t bond interactions make the molecular stamping and self-assembly 
method highly versatile and suitable for both pristine and functionalised CNTs. By al-
tering the order of the fabrication process devices can be either field-dependent or not. 
No selection of CNTs between metallic and semiconducting has been required. The 
magnitude of the current in each device depends largely on the original concentration 
of the CNT solution and at present is still irregular between similarly dispersed CNTs 
solutions. 
It is therefore envisioned that by further control of the CNT dispersion and a shrinking 




The work carried out in contribution to this thesis has exploited the use of chemistry 
based techniques to control carbon nanotubes (CNTs) for electronic device applications. 
Chemical functionalisation techniques have been applied to convert the normally unre-
active CNTs to reactive molecules and to create reactive substrates for CNT adhesion. 
Plasma fluorination was developed to increase the reactivity of the CNTs and to allow 
further functionalisation by amine groups. The benefits of such amine functionalisation 
is in the ability of the amine group to donate electrons to the CNTs structure, making 
the inherently p-type CNTs, towards n-type conductors. Plasma thiolation techniques 
were also developed to control the positioning of CNTs on substrate surfaces. The 
thiolated CNTs would self-assemble due to the spontaneous formation of a gold-thiol 
bond. Finally pristine CNTs have been self-assembled over a substrate using ir bond 
interactions between carbon carbon double bonds of the CNTs and a stamped pyridine 
molecule layer, to produce a high yield CNT device fabrication process. 
The main conclusions from each section will now be presented and the developments 
for future work discussed. 
9.1 Plasma Fluorination of Carbon Nanotubes 
The first step to CNT electronic devices has been to control some of the properties of the 
CNTs by chemical modifications. The inherent CNT structure is chemically stable and 
behaves as a p-type field effect device. A plasma fluorination process was developed to 
produce CNTs with functional groups capable of undergoing further reactions. Due to 
the high reactivity of fluorine many further reactions could be carried out on fluorinated 
CNTs, (F-CNTs). 
It has been shown that fluorination of carbon nanotubes by plasma exposure has been 
a reliable means for producing functionalised carbon nanotubes and remained stable 
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over time, both with a CF4 plasma and a SF6 plasma. The fluorination was characterised 
using several spectroscopic methods. XPS and Raman spectroscopy were used to de-
termine the bonding nature of the fluorine on the CNT surface and the CNT structural 
integrity respectively. In particular the plasma environment has allowed for the study 
of the mechanism of CNT functionalisation, by use of plasma diagnostic tools the Lang-
muir probe and optical emission spectroscopy. It has been shown that the fluorination 
of the CNTs is sensitive to the reactor conditions. 
Such knowledge of the functionalisation mechanism has been useful for the further 
functionalisation of CNTs. The CF4 plasma exposed CNTs were observed to have an 
increased stoichiometry of F/C in comparison to the S176 plasma exposed CNTs, however 
there was also an increased 0/C, both due to the increase in ion current density in the 
C174 plasma environment. The S176 plasma exposed CNTs have a more covalent C-F 
bond over all exposures tested, due to the increase in fluorine radicals available in the 
plasma in comparison to the C174 plasma exposed CNTs. 
CNTs can withstand the somewhat aggressive nature of a plasma environment and 
maintain their structural integrity as verified by Raman spectroscopy. The plasma flu-
orination process has shown advantages over previous CNT fluorination due to the 
dramatically reduced exposure times and without the need to functionalise at high 
temperatures [8-10,118, 158]. The plasma diagnostic tools have also allowed for the 
mechanism of fluorination in these processes to be deduced, providing useful informa-
tion for the choice of further functionalisation procedures. 
9.2 Amine Functionalisation of Fluorinated Carbon Nanotubes 
CNTs functionalised in a CF4 plasma, F-CNTs, have been readily applied for further 
functionalisation experiments by substitution reactions. Here, 1,2-diaminoethane was 
used to substitute the fluorine atoms bonded to the CNT surface to create N-CNTs. The 
1,2-diaminoethane acts as an electron donator and as such can change the CNT device 
behaviour from p-type to n-type. 1,2-diaminoethane was chosen due to the double 
amine group as it was believed that the extra amine would further enhance the n-type 
behaviour of the N-CNTs. 
The substitution of fluorine for 1,2-diaminoethane was shown to depend on the initial 
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concentration of the fluorination of the F-CNTs. As such it could therefore be concluded 
that the substitution did take place at fluorine sites rather than plasma induced and 
oxygen defects on the CNT structure. The reaction was predicted to take place as 
a bi-functionalisation process, with increasing initial fluorine content increasing the 
likelihood of bi-functionalisation. 
Probing the electronic behaviour of both the F-CNTs and the N-CNTs in back gate ge-
ometry has shown that the amine molecules do donate electrons to the CNT structure. 
However, the low stoichiometry of the doping has provided only weak n-type conduct-
ing effects over the range of gate voltages swept here and left the devices in a regime 
where the CNT/electrode contacts dominate the conduction [95]. 
Previous work by other authors had chemically doped CNTs using amine molecules 
to control the CNT chemistry [14-16,92,94, 95]. Here the control of the initial fluo-
rination stage is an advantage to produce CNT devices with known functionalisation 
parameters, similar to other work [15,941 although the plasma fluorination is a sim-
pler and faster initial functionalisation process. By refining the fluorination process the 
stoichiometry and therefore the electronic behaviour of the CNTs should be controlled. 
However, problems remain in the initial CNT suspensions containing both metallic and 
semiconducting CNTs and the tendency for the CNTs to bundle together. Such suspen-
sion problems do however affect all work on CNT electronics and is not an exclusive 
problem to this work. 
Further fluorination and amine functionalisation experiments are underway at the time 
of writing. The emphasis is on the deduction of the ionic and covalent components of 
the initial fluorination and the effect on the subsequent amine functionalisation and I-V 
behaviour.. 
9.3 Direct Thiolation of Carbon Nanotubes 
Due to the known reactivity of the plasma environment and the ability to fluorinate 
CNTs without loss of CNT structure, a second plasma functionalisation process was 
developed to directly thiolate the CNT sidewalls. Direct thiolation was developed to 
allow positional control of the CNTs onto a substrate featured with Au electrodes. Due 
to the spontaneous formation of the Au thiol bond, CNTs were observed to self-assemble 
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onto the substrates. 
To achieve the direct thiolation of CNTs, the heating of the sulphur and the addition of 
a H2 feed stock gas in a bulk argon plasma were both essential. The plasma chemistry 
has also been advantageous for the thiolation without the addition of excess oxygen 
contaminants which are known to alter the electrical behaviour of the CNTs. 
SEM has confirmed that after direct plasma thiolation CNTs would self-assemble to 
bridge narrow gaps between Au electrodes. Previous work by other groups had thio-
lated CNTs with the use of long and short chain carbon groups by conventional wet 
chemical functionalisation techniques [33-35]. After such techniques the CNTs were 
often shortened and self assembled perpendicular to any Au surfaces. Here the CNTs 
have experienced less structural damage as there was no acid oxidation process em-
ployed for wet chemical functionalisation and therefore no cutting of the CNTs. The 
reaction dynamics of the plasma thiolated CNT self-assembly process in relation to the 
chain length of the carbon nanotubes appear to have been advantageous in these ex-
periments, allowing the CNTs to bridge Au electrodes over an oxide region. 
The electronic characterisation of the self-assembled thiolated CNTs has shown that the 
CNT devices vary considerably depending upon the bundle formed. Devices have been 
observed to behave as metallic conductors and p-type field dependent devices. The 
suspension of CNTs is again thought to be limiting the device uniformity and the yield 
of working devices. 
It is proposed that further improvements to the CNT suspensions and the patterning of 
Au microdots between electrode structures could be used to optimise the thiolated CNT 
self-assembly process and increase the device yield. 
9.4 Molecular Stamping, for Carbon Nanotubes Device Fabri-
cation 
Methods to self-assemble pristine CNTs onto substrate surfaces have also been devel-
oped by the use of molecular stamping techniques. The molecular stamping techniques 
developed here, resulted in high yield of CNT devices of 90%. PDMS stamps were fabri-
cated and used to stamp 2-thiolpyridine. The Au-thiol (and also Si0 2 -thiol) at one end 
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of the stamped molecule provided even coverage across the substrate surface, leaving 
the pyridine end of the molecule available for CNT attachment via it bond interactions. 
Several parameters must be optimised for the stamping process to provide successful 
self-assembly conditions for CNT device applications. The important parameters in-
clude the concentration of the 2-thiolpyrinde solution, the suspension of the CNTs and 
finally the electrode spacing. 
Other self-assembly techniques for selective positioning of CNTs have required ami-
nesilane layers [170, 171] and polar molecules [38]. The fabrication process out-
lined with the stamping of 2-thiolpyridine, is an advantage over these other meth-
ods [38, 170, 1711 due to the simplicity of the steps and the high throughput such a 
technique can allow. Here, the CNT hexagonal carbon it bonds are the attractive force 
for the CNT self-assembly, making the use of 2-thiolpyrinde suitable for both p-type and 
n-type functionalised CNTs, at low stoichiometries. 
The alteration of the fabrication process between electrodes on top of CNTs and elec-
trodes below the CNTs has provided useful insight into the gate screening effects of the 
stamped 2-thiolpyridine layer. It was shown that by altering the order of the fabrica-
tion process devices can be either field-dependent or not over the gate voltage range 
-5 to +5 V. In method I, where electrodes are patterned directly on top of CNTs al-
lowing for good contact between the CNT and the electrode, field dependent devices 
were made over the gate field range Vg -5 V to +5 V. By stamping 2-thiolpyridine and 
self-assembling CNTs over predefined electrodes in method II, an increased physical dis-
tance between the CNT/electrode interface existed. Such devices were observed to act 
as metallic conductors with little or no gate dependence, over the gate field range Vg -5 
V to + 5 V. By increasing the gate voltage to -20 V, p-type field dependence was observed 
for method II type devices. No selection of tubes between metallic and semiconducting 
has been required. 
The magnitude of the current in each device depends largely on the original concen-
tration of the CNT solution and at present is still irregular between similarly dispersed 
CNTs solutions, although similar on any given chip. So far the method has been applied 
for pristine CNTs only, however, the fabrication process and self-assembly mechanism is 
transferable to functionalised CNTs. 
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It is therefore envisioned that by further control of the CNT suspensions and a shrinking 
of the oxide layer tailored CNT devices can be fabricated. By applying burn-off to 
the fabricated device structures, purely semiconducting devices may be realised. The 
stamping techniques are also useful for a scaled down version of the devices, provided 
that small contact electrodes can be made lithographically. 
9.5 Further Work 
Although this work has provided no definitive cure for the problems in CNT device 
technology, all method used have shown promise and progress towards the next gener-
ation of electronic devices. It is important to realise that the microelectronics industry 
requires, more than ever, the use of complex chemical methods and the use of bottom 
up based solutions previously unseen to meet the miniaturisation demands the field 
requires. The development of such techniques are still at an early stage, however, it is 
an area in which microelectronic engineers are becoming more proficient. 
The characterisation and fabrication stages developed here have been a valuable step 
to'ards CNT devices, notably by the publication of several papers in the field [17, 18, 
175], and others accepted but yet to be published, appendix A. A common problem for 
all fabrication processes discussed here was the ability to produce CNT suspensions of 
high and repeatable quality. If a batch of CNTs was grown to specific chirality, the meth-
ods used here could be easily employed to create reproducible results. At present there 
are too many statistical differences within the CNT suspension to accurately predict the 
device behaviour. 
Suspensions improvements would help both with the functionalisation experiments and 
the positional control aspects of the CNT devices. Yet, even with the current suspension 
limitations further improvements can be made to the CNT devices. Further characteri-
sation of the ionic and covalent components of the C-F bonds in the F-CNTs, for further 
chemical doping should provide greater control of any n-type CNT device behaviour. 
Also, application of the molecular stamping self-assembly technique should be appli-
cable to the n-type CNTs to provide more uniform CNT distribution on the substrate 
surfaces for comparative electronic analysis. 
Improved micropatterning techniques for small gold nanodots between electrode struc- 
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tures in the case of the thiolated CNTs may improve the device yield. Also the microfab-
rication of smaller electrodes and miniaturised PDMS stamps could be readily applied 
to scale down the molecular stamping devices. An accurate pressure control during the 
stamping stage and a strengthening of the PDMS stamp would both be useful to avoid 
CNTs self-assembly out with the predefined electrode regions. 
Precise device characteristics can also be controlled by applying burn-off techniques 
and controlling the gate oxide thickness. Here the CNT PETs did not reach saturation 
largely due to the thick gate oxide. Thinning the oxide layer would allow further de-
vice characterisation to be be made. Also, by locally applying a gate directly above 
the CNTs individual devices may be probed and CMOS device structure could be fabri-
cated. Such experiments could elucidate further CNT characteristics behaviour due to 
the interaction between the CNTs and the functional chemicals used here. 
In conclusion it has been shown that pre-grown CNTs can be controlled by function-
alisation processes, both direct, in the sense of the plasma functionalisation methods, 
and indirect during the molecular stamping. All processes were carried out in parallel 
to common microfabrication techniques, without loss of CNT structure. The techniques 
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Fluorination of carbon nanotubes in CF 4 plasma 
N. 0. V. Plank,' ) Liudi Jiang, and R. Cheung 
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The effect of CF 4 gaseous plasma exposure to single-wall carbon nanotubes (CNTs) has been 
studied. Ramanspectroscopy results show that CNTs have gained more disordered sp 3 bonds 
associated with functionalization, as both the flow rates of gas in the plasma and exposure time in 
the plasma are increased. Scanning electron microscopy images indicate the CNTs have been 
preserved after CF 4 plasma exposure. X-ray photoelectron spectroscopy provides evidence of 
carbon to fluorine bonds (C—F) on the CNTs samples after CF4 plasma exposure. Semi-ionic and 
covalent C—F bonds are prevalent on the CNTs after CF 4 exposure with the intensity ratio of the 
semi-ionic to covalent C—F bond decreasing as the flow rate of CF 4 and exposure time in the CF 4 
plasma is increased. © 2003 American Institute of Physics. [DOl: 10.1063/1.1611621] 
Since their discovery in 19911  great interest has been 
shown in carbon nanotubes (CNTs) both in the theoretical 
understanding and in practical applications , 2 due to the 
physical and electrical properties of the material .3  The con-
duction properties of carbon nanotubes have been studied 
previously, as single conducting wires 4 and as more complex 
device structures such as field effect transistors. 5 An impor-
tant step that will lead to more practical use of the naturally 
stable nanotubes is the process of functionalization. Func-
tionalized nanotubes are chemically more reactive and can be 
employed for further processing such as thiolization 6 or for 
integration in nanocomposites. 7 Moreover, tuning of the 
electrical characteristics of nanotubes from metallic to semi-
conducting is possible depending on the degree and nature of 
functionalization. 8 '9 However, functionalization of the CNTs 
is a complex step and has been carried out using a number of 
different techniques. 10-16  Recently, a glow discharge has 
been used to attach hydrogen to the sidewalls of carbon 
nanotubes.' 7" ° Plasma processing is known to modify sur-
faces at an atomic scale. 19 For example, various types of 
C—F bonding have been found on silicon carbide surfaces 
after exposure to fluorinated plasma. 20 In this work, we dem-
onstrate the fluorination of single wall CNTs using CF 4 
plasma. The advantages of CNT functional ization using 
plasma exposure are the short duration of time needed and 
the room temperature processing ability in comparison to 
previous methods, which often require long process times 
and high temperature treatment. 
Single wall CNTs, from Carbon Nanotechnologies Inc. 
were prepared by dispersion in isopropanol (IPA), at a con-
centration of 5 mg of CNT5 to 15 ml of IPA, using a mag-
netic stirrer for 2 h at room temperature resulting in the for-
mation of a thick black paste. The dispersion was then 
filtered through a 2 zm polytetrafiuoroethylene (P'FFE) filter 
membrane from Millipore under vacuum and left to dry for 
24 h at room temperature, resulting in the formation of 
"bucky papers" on top of the PTFE membranes. Subse-
quently, the samples were exposed to CF 4 plasmas with 20 
"Electronic mail: natulie.plunk@ee.cd.ac.uk  
and 40 seem flow rates for 30 s, I, and 2 min in a Vacutech 
reactive ion etcher, with a chamber pressure of 0.15 Pa at 20 
seem and 0.196 Pa at 40 seem. All samples were exposed to 
the plasmas with a dc bias of —300 V. The nonplasma-
exposed sample is referred to as the control sample through-
out the text. To characterize the effect of the plasma on the 
nanotubes, Raman spectroscopy, scanning electron micros-
copy (SEM), and x-ray photoelectron spectroscopy (XPS) 
have been used. 
The Raman spectra of the control and CF 4 plasma ex-
posed CNT5 are shown in Fig. I. The shape of the spectra 
remains unchanged after plasma treatment with the intensity 
of the lines being altered. Both the G line (at around 
1580 cm I)  corresponding to sp 2 bonded carbon, character-
istic of the C—C bond in carbon nanotubes and the D line (at 
around 1375 cm I)  corresponding to SP 3  bonding, relating 
to scattering defects in the CNT samples are evident in the 
spectra. Our Raman spectra are characteristic of CNTs when 
compared with the Raman spectra of amorphous carbon, 
glassy carbon, and carbon black 2 ' as well as other Raman 
studies of CNTs.' 4 ' 2 ' 
The relative intensity ratios of the D—G bands shown in 
G'llne 
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FIG. I. Raman spectra of control and CF4 plasma exposed single wall 
CNTs. 
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TABLE I. 	 intensity ratio for C—F bonds, derived from the 
F Is spectra as a function of CF, flow rite and plasma exposure time. 
flow rate 	 20 sccm 	 40 seem 
Time (mm) 
0.888 	 0.848 
2 	 0.810 0.639 
peaks observed during this study are similar to those found 
during the fluorination of CNTs by An el al. 15 at low tem-
peratures (150 ° C) where the CNTs had a F/C ratio <0.5. 
The highest F/C ratio found in our CF4 plasma exposed 
CNTs has been 0.22, which is less than the theoretical and 
experimental saturation stoichiometries of C2F 13 or CF05 . 15  
The low stoichiometry, coupled with the subtle Raman 
changes observed indicate the possibility that the F atoms are 
chemisorbed at the outer surface of the CN'T wall. 1523 
The authors would like to thank Ronald Brown with as-
sistance in the XPS measurements and Francesca Fabbiuni 
for assistance in the Raman spectroscopy measurements. 
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Abstract 
Single-walled carbon nanotubes (SWNTs) have been functionalised using a conventional Reactive Ion Etching 
(RIE) system with CF 4 and SF6 plasmas. The fluorinated SWNTs have been investigated using X-ray photoelectron 
spectroscopy. Microscopic plasma parameters including the fluorine pressure and the ion current density within the 
plasma have been studied using optical emission spectroscopy and a Langmuir probe. It has been observed that a bias is 
required for successful attachment of fluorine to the SWNTs in the plasma environment. The mechanism of fluorine 
attachment to SWNTs is evaluated by correlating the microscopic plasma parameters with the FIs binding energy, the 
fluorine/carbon ratio and also the oxygen/carbon ratio on the SWNTs. The attached fluorine has been seen to remain 
stable over time, making the plasma process a reliable means of fluorine functionalisation of carbon nanotubes. 
© 2004 Elsevier B.V. All rights reserved. 
Keywords: SWNTs; XPS; OES; Langmuir probe and fluorination 
1. Introduction 
Single-walled carbon nanotubes (SWNTs) show 
outstanding potential for uses in molecular elec-
tronics. Not only are the nanotubes inherently 
small, they also offer exceptional versatility due to 
their unique electronic properties, as SWNTs can 
be either metallic or semiconducting depending 
upon how the tubes have rolled up along the 
graphite plane [I]. As a possible first step in the 
Corresponding author. 
E-mail address: Naialie.Plank@ee.ed.ac.uk  (NOV. Plank).  
utilisation of SWNTs in molecular electronics, it is 
necessary to functionalise the relatively unreactive 
tubes. Previous studies have involved long acid 
oxidation stages [2] to functionalise the tubes with 
carboxylic acid groups and long gas fluorination 
processes [3,4]. Recently Khare et al. [5,6] have 
used a glow discharge to functionalise carbon na-
notubes with hydrogen and previous work by the 
authors have employed a conventional Reactive 
Ion Etcher (RIE) reactor to attach fluorine to 
SWNTs using a CF4 plasma [7] in a functionali-
sation process of the order of minutes. Here a CF 4 
plasma and a SF6 plasma have been compared at 
the high bias regime of the reactor, with emphasis 
0167-9317/S - see front mailer © 2004 Elsevier B.V. All rights reserved. 
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on the chemical attachments to the SWNTs and 
the plasma chemistry. 
2. Experimental method 
Single walled carbon nanotubes I were used 
throughout this work. Twenty milligrams of the 
nanotubes were dispersed in 20 ml of isopropyl 
alcohol using a magnetic stirrer bar for 2 h. The 
solution was then filtered through a 1 pm PTFE 
membrane under vacuum. The membranes were 
then left to dry, resulting in the adhesion of a 
bucky paper to the top of the membrane. 
The bucky papers were then exposed to a 
plasma environment within the Vacutech RIE 
system using either SF6 at 20 sscm flow rate or CF 4 
at 40 sccm flow rate as the plasma gas. The sam-
ples were exposed to the plasma for 1 min at dif-
ferent bias voltages to determine the effect of bias 
on the subsequent bonding of fluorine to the 
SWNTs. The chemical attachments were investi-
gated by X-ray Photoelectron spectroscopy 2 
(XPS) using a monochromatic Al(Kcz) = 1486.6 eV 
source. The FIs peaks have also been studied with 
emphasis on the binding energy, using XPS Peak 
software whereby subtraction of a linear back-
ground is performed and Gaussian curves are fit-
ted to the measured data. Attention has been paid 
to the relative concentrations of fluorine to carbon 
and oxygen to carbon and after subtraction of a 
linear background and with use of AlWagner co-
efficients in the Avantage data system, both 2 days 
after the initial functionalisation and also after 4 
weeks. The AlWagner coefficients are used to limit 
any possible atomic percentage errors which may 
occur due to the sample preparation and posi-
tioning in the XPS equipment. 
The reactor conditions are characterised with 
use of optical emission spectroscopy (OES) and 
Langmuir probe measurements. The OES data 
confirms the relative concentrations of radical 
fluorine within the plasma, whilst the Langmuir 
probe is used to determine the ion current density, 
Purchased from CNI. 
2 Thermo VG Scientific Sigma Probe.  
hence relating to the ion bombardment factors 
taking place on the bucky paper surface. 
Transmission electron microscope (TEM) im-
ages of the SWNTs are also taken to test the 
structural integrity of the SWNTs after plasma 
exposure. For the TEM images, 2 mg of SWNT 
bucky paper were suspended in 2 ml of IPA and a 
drop of the solution was then suspended onto 300 
pm carbon grids. 
3. Results and discussion 
The Fis region of SWNTs exposed to the CF4 
plasma the SF6 plasma and the unexposed control 
sample are shown in Fig. 1. The Fis peak of the 
SWNTs functionalised in the CF4 plasma and the 
SF6 plasma, have been deconvoluted using XPS 
Peak software. The tubes functionalised with CF 4 
plasma require two large Gaussian peaks to obtain 
a good fit with the measured data, one at 686 eV in 
the semi-ionic region and another at 687.5 eV [8,9] 
in the covalent C—F bonding region, over all ex-
posure conditions. The SWNTs functionalised in 
SF6 plasma however need only one large peak at 
687 eV, towards the covalent region of the FIs 
spectra to fit the measured data, again over all 
exposure conditions. The broad low intensity peak 
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Fig. I. The deconvoluted FIs peak for the SF6 and CF4 plasma 
exposed SWNTs at —200 V for I mm, in comparison to the 
unexposed control sample. 
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procedures and is thought to be due to weak 
sputtering effects within the plasma environment. 
The possible mechanism for this behaviour has 
been studied using OES and Langmuir probe 
measurements. The results from the OES have 
been used to calculate the fluorine pressure within 
the reactor using an actinometry technique de-
scribed previously [10]. The fluorine pressure as a 
function of bias voltage is shown in Fig. 2(a). The 
result at —0 V bias refers to the flow of SF6 and 
CF4 process gases, respectively, as the plasma en-
vironment could not be maintained without ap-
plication of a bias voltage and therefore no 
fluorine radicals are produced. The OES results 
show that there is a higher concentration of fluo-
rine within the SF6 plasma than the CF4 plasma 
over all conditions, even though the actual flow 
rate is 20 seem for the SF6 gas and 40 seem of CF 4 . 
The fluorine pressure increases by 7.32 x 10 - Pa 
in the SF6 plasma and 1.31 x 10 - Pa in the CF4 
plasma, as the bias voltage is increased from —200 
to —350 and —400 V, respectively. The ion current 
density (I), as a function of bias voltage is shown 
in Fig. 2(b). The results at —0 V bias again refer to 
the flow of the process gases whereby the ion 
current density in the reactor falls to zero. The ion 
current density is seen to be higher in the SF6 
plasma at —200 V, although at —300 V and above 
the CF4 plasma produces a higher ion current 
density by approximately 0.01 mA/cm 2 . The dif-
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the difference when the reactor was held at —200 V, 
at which the 1i in SF6 was 0.03 mA/cm 2 greater 
than in the CF 4 plasma. As the bias voltage in-
creases, the overall Ii increases for both plasma 
compositions, although the SF6 plasma shows less 
bias voltage dependence. 
The ratio of F/C attached to the SWNTs as a 
function of bias voltage is shown, Fig. 3(a), from 
the XPS data collected 4 weeks after the func-
tionalisation procedure. The F/C ratio is higher in 
the SF6 exposed SWNTs at low bias voltages al-
though it appears to saturate at —300 V, after 
which there is little increase in !. The function-
alisation process used here is sensitive to the re-
actor conditions, and there is a required balance 
between the amount of fluorine available and the 
ion current density to allow for successful attach-
ment. The increase in the F/C ratio seems to de-
pend both on the ion current density increase and 
the increase in fluorine pressure. The CF 4 exposed 
SWNTs show the highest F/C ratio of all at —400 
V at which point Ii and F-pressure have both in-
creased. However, the F-pressure is ultimately 
higher in the SF6 plasma leading to the conclusion 
that the F/C ratio shows more of a dependence on 
I,. The binding energy of the C—F bonds, going 
from semi-ionic to covalent in the Fls peak, is 
thought to depend primarily on the amount of 
fluorine available, whereby with higher fluorine 
pressure in the SF 6 plasma has resulted in a more 
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Fig. 2. As a function of bias voltage for the SF 6 (20 sccm) and the CF4  (40 sccm) plasma: (a) the fluorine pressure; (b) the ion current 
density. The connecting line is provided for clarity. 
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Fig. 3. As a function of bias voltage for the SF (20 sccrn) and the CF 4 (40 sccm) plasma exposed SWNTs: a) the F/C ratio: (b) the 01 
C ratio. The connecting line is provided for clarity. 
previous work [7] it was observed that within a 
CF4 plasma, the intensity ratio of  
in the FIs peak decreased with an increase in the 
CF4 gas flow. However, the F-pressure in the CF, 
plasma never reaches the F-pressure achieved in 
the SF,, plasma over all reactor conditions, thus 
requiring a semi-ionic and covalent Fis peak 
component. 
The percentage of oxygen attached to the 
SWNTs is also investigated by XPS. Fig. 3(b) and 
again the results taken 4 weeks after functionali-
sation are shown. The oxygen present here is due 
to contamination from the atmosphere. It is oh- 
served that the oxygen to carbon ratios, are higher 
in the CF, plasma exposed CNTs and reach a 
saturation, similar to that observed for the F/C in 
the SF,, plasma exposed CNTs. It is proposed that 
the oxygen is bonded to the SWNTs via surface 
attachment on ion induced defect sites as the ox-
ygen ratio increases with bias voltage. The tubes 
exposed at —o v and the control sample, display 
oxygen due to defect sites already present on the 
SWNTS after manufacturing as well as to the 
hucky paper preparation process. The FIs spectra 
have been observed to remain unchanged with 
time, with the binding energies constant and hence 
•. 
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it is concluded that the fluorine is well attached to 
the nanotubes. It is interesting to note that for all 
SWNTs exposed to a plasma environment, the 
atomic percentage of oxygen increased over time. 
It is likely that oxygen from the atmosphere has 
bonded to the SWNTs via defect sites created by 
the ion bombardment during the plasma exposure 
more so for the CF4 exposed tubes than the SF6 
exposed, in agreement with the higher Ii present in 
the CF4 plasma. It is noted that there is no pos-
sibility of further F-attachment as no further 
fluorine exposure has taken place, and the atmo-
sphere would be unable to produce such an effect. 
However, it may be the case that for the SF 6 ex-
posed SWNTs, which were exposed to a higher F 
pressure throughout the scan, the fluorine attached 
to defect sites within the plasma, limiting the re-
maining regions for atmospheric oxygen to attach. 
Although it is presumed that the ion bom-
bardment within the plasma will weaken or pro-
duce defects in the SWNTs structure, the F/C 
ratios have not reached the saturation stoichiom-
etry which would result in complete loss of tube 
structure. TEM images of the SWNTs, before and 
after exposure to the plasma are shown in 
Fig. 4(a)—(c). All three images shown are seen to be 
similar, with the SWNTs forming bundles due to 
van der Waals interactions, and the nanotubes 
appear to be intact. This has also been confirmed 
with Raman spectroscopy (not shown here), 
whereby the signal showed strong radial breathing 
modes and a large G-band relative to D-band. 
4. Conclusion 
The functionalisation of SWNTs in a plasma 
environment has been carried out using both a 
CF, and SF6 plasma. The actinometry and ion 
current density results have shown that in a 
plasma environment with a greater atomic fluo-
rine pressure, a more covalent C—F attachment is 
observed after deconvolution of the Fis spectra, 
as was the case for the SF 6 plasma in comparison  
to the CF4 plasma over all bias conditions. A bias 
voltage is required for fluorine to attach to the 
SWNTs. The F/C ratio is influenced more by the 
I, within the plasma rather than the F-pressure. 
The 0/C ratio is seen to depend on I and has 
increased over time. It is concluded that the ion 
bombardment within the plasma allows sufficient 
energy for the C—C bonds to be weakened or 
even broken, hence allowing for the attachment 
of fluorine in the plasma system. However, the 
ion bombardment has not resulted in loss of 
nanotube structure. When there has been insuffi-
cient fluorine to attach to all the weakened bonds 
or defect sites atmospheric oxygen has been able 
to attach to the SWNTs. The fluorine attachment 
is seen to remain stable over time, showing that 
the functionalisation process is a reliable means 
of fluorinating SWNTs. 
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A method for the thiolation of single-wall carbon nanotubes has been developed by exposing a 
sulfur/carbon nanotubes mixture to an argon/hydrogen gaseous plasma. X-ray photoelectron 
spectroscopy provides evidence of the existence of sulfur attached to carbon on the carbon 
nanotubes samples and Raman spectroscopy results show that the carbon nanotubes' structure has 
been preserved after the treatment. One added advantage of the reported method is that excess 
oxygen is not present on the nanotubes. The thiolated carbon nanotubes are shown to self-assemble 
onto gold electrodes. Our method for thiolating carbon nanotubes provides a reliable and simple 
way for preparing functionalized tubes for nanoelectronic circuits based on carbon nanotubes. 
© 2004 American Institute of Physics. [DOl: 10.1063/1.1805702] 
Carbon nanotubes (CNT5) offer the electronic device 
community a promising candidate for future electronic 
needs. The nanotubes themselves have shown excellent con-
duction properties with the ability to behave as semiconduct-
ing or metallic conducting tubes depending on how the tubes 
have formed. L2  The inherently small size of the nanotuhes 
also allow for instant nanometer scale device production. 3 
However, there are problems remaining in the field regarding 
how to selectively position the tubes for accurate, reproduc-
ible and high volume device production. One method to en-
able selective positioning for the production of CNT devices 
is to functionalize the nanotubes. Thiols are known to bond 
selectively to gold and other reports have demonstrated thiol 
functional ization techniques using long and short chain al-
kanethiols respectively. 46 Here, we report on the direct thi-
olation of single-walled CNTs, without any long chain car -
bon groups, by first physically mixing elemental sulfur with 
CNTs and then exposing the sulfur/CNT mixture to an 
Ar/H 2 plasma. The advantage of this method has been to 
allow CNTs to attach selectively to gold electrodes with a 
short functionalization time. 
Single-wall CNTs from Carbon Nanotechnologies Inc. 
were used in our experiments. The sulfur/CNTs were pre-
pared by physical mixing with elemental sulfur from Aldrich. 
The nontreated sample, sample I, is referred to as the control 
sample throughout the text. Other samples were exposed to 
an argon and hydrogen based plasma mixture within a 
plasma etch reactor with the electrodes heated to 120°C to 
allow the sulfur to melt, the reactor conditions and mixing 
ratios are outlined in Table I. After, the control CNT sample, 
nonplasma exposed and plasma exposed sulfur/CNT samples 
were immediately placed in 2 ml of toluene and rinsed 
through with 5 ml of toluene to rid of any excess sulfur 
before being drop coated onto a silicon wafer for character-
ization. For the self-assembly experiments, a drop of the 
functi'onali7.ed nanotubes solution was placed in 2 ml of eth-
anol and sonicated for 10 mm. A lithographically patterned 
"Electronic mail: natutie.pIunk@ce.ed.trc.uk  
clean gold sample was then left in the solution and covered 
for 12 h, after which the sample was cleaned in ethanol and 
viewed in the Hitachi S4500 scanning electron microscope. 
To characterize the extent of sulfur attachment to the nab-
tubes before self-assembly, x-ray photoelectron spectroscopy 
(XPS) and Raman spectroscopy have been used. In addition, 
we demonstrate the self-assembly of the thiolated tubes onto 
patterned gold electrodes. 
Figure I shows the S 2p peaks for the control CNTs, 
CNTs that have been mixed with sulfur (sulfur/CNT5) and 
sulfur/CNTs mixture exposed to Ar/H 2 plasma. The peaks 
have been fitted using XPS peak software, with A E 
= 1.18 eV between the S p20 and S Pta  and fixed intensity 
ratio of 2:1 respectively. A mixture of Lorentz:Gaussian 
peaks were required at 70:30, with full width at half maxi-
mum of I as in the literature. 78 It has been observed in our 
experiments, that for all CNT samples exposed to sulfur 
treatment, a binding energy of 163.7-163.8 eV is found. Ac-
cording to the literature, S—H is present at 163.7 eV while 
S—S occurs at 163.8 eV and S—Au bond is known to occur 
at 162 eV. 7 Multilayer thiols have also been observed at 
164.4 eV. 5 Due to the closeness of the energy peaks for 
sulfur-containing compounds, we conclude that some form 
of sulfur is bonded to the CNT5 after sulfur treatment within 
the thiol region. 
Figure 2 shows the influence of the flow rate of H 2 in the 
Ar/H 7 gas mixture during plasma exposure on (a) the S/C 
ratio and (b) the position of the S 2p energy peak. The 
amount of SIC (around 5%) does not appear to be affected 
TABLE I. The weight of earhon nanotubes and sulfur and the reactor sin- 
dawns. rf power was held at 250 Wand exjxt.sur-c time was 60s throughout. 
Sample Weight of suttur/CNT (g) AT (low (seem) Ha low (seem) 
Content 0/0.002 No plasma No plasma 
0.0210.002 No plasma No plasma 
2 0.02/0.002 75 25 
3 0.02)0.002 50 50 
4 0.02/0.002 25 75 
0003-6951/2004/85(15)/3229/3/$22.00 	 3229 	 /0 2004 American Institute of Physics 
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FIG. I. X-ray photoelectron spectra of S 2p peak for control CNTs, sulfur/ 
CNTs. and sutfur/CNTs exposed to Ar/H, plasma. 
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FIG. 3. Raman spectra of control CNTs, sulfur/CN'lS. and sulfor/CNTs ex-
posed to Ar/H, plasma, (a) over the whole spectra and (b) zoomed in over 
500-1200 cm'. 
spectra of carbon nanotubes' 7" 8 are evident in all three 
samples, Fig. 3(b). Neither the S=C peak at 1095 cm -1 nor 
S—S peak at 585 cm have been observed after our thioliza-
tion treatment, in contrast to results reported by Liu el al. 5 
The lack of S as indicated by Raman in our experiments 
could be due to the small sulfur atomic concentration mea-
sured, around 5% by XPS experiments, whereas in the 
method used by Liu eta!, the sulfur content is expected to be 
higher. Other work where carbon films and carbon rods have 
been doped with sulfur resulting in atomic percentages simi-
lar to those observed in our experiments also show no sulfur-
related peaks in the Raman spectra. 1 ' 23 
We have used the thiolated tubes in the self-assembly 
process and Fig. 4 shows both low and high resolution scan-
ning electron micrographs of the functionalized tubes lying 
II! across the gold electrodes after self-assembly. The success of 
the self-assembly indicates the existence of thiols in our 
1.4 	
tubes. The CNT bundles are seen to align across the elec- 
trodes as opposed to along the electrodes, probably due to 
the sulfur bonding preferentially to the ends of the nano-
to. 	 tubes. Several authors have indicated the end groups of 
CNTs to be the most reactive part of the tubes.""' The low 
1-5 	
stochionietries shown in Fig. 2 support the hypothesis that 
the sulfur will not have bonded along the entire length of the 
CNTs. In comparison, the sulfur/CNT nonplasma exposed C 
sample has shown no sign of self-assembly to the gold dee- 
to w 0 40 	
trodes or any surface physisorption effects after the self- Flow nIH, 0 plaima low's) 	
assembly stage. 
NTs has been demonstrated FIG. 2. Influence of H, floss rate in the Ar/H, plasma oxposute (total how 	Thiolation of single-walled C 
=100 seem) on (a) the S/C ratio and (b) the position of the S 2p energy 	whereby the ends of the nanotube bundles have been selec- 
peak, of the sutfur/CNTs. At H.=0 secm, no plasma has been struck. 	lively functionalized making it favorable for the nanotubes to 
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significantly by the presence of the plasma or by the rate of 
H 2 flow, yet the presence of the plasma does shift the S 2p 
peaks to slightly lower binding energies. Therefore, we see 
that the exposure to the Ar/H 2 plasma is not essential for 
sulfur to attach to the CNTs but does help to provide an 
excess H 2 environment for thiolation to take place. Plasma 
functional ization of graphite and glassy carbon using SO 2 
plasma have shown similar sulfur atomic percentages and 
position of the S 2p peaks, at dc bias voltages and exposure 
times close to those used in our experiments.' 1 Moreover, the 
adhesion of sulfur in the thiol region without the presence of 
additional S—O peaks is demonstrated in our thiolation 
method, even after 4 weeks exposure to atmosphere. The 
SO2 bonding, often found in different methods of treating the 
tubes4 ' and other fonns of carbon, 61213 is observed by oth-
ers usually at 167 eV. In addition, the oxygen peak com-
ponent has not been seen to increase in our thiolated tubes 
after 4 weeks exposure to atmosphere, as has been the case in 
our previous studies on the fluorine funetionalization 
process. ' 4 ' t5 Experimental evidence suggests that the lack of 
oxygen incorporation into the tubes is inherent to our thi-
olization process. 
The Raman spectra for the control CNTs, sulfur/CNTs, 
and sulfur/CNTs exposed to Ar/H 2 plasma are shown in Fig. 
3. The presence of D and G bands and the ROM modes 
indicate that the tubular structure of the nanotubes have not 
been destroyed by our treatments, Fig. 3(a), and that the 
average tube diameter distribution ranges from 0.8 to 










sell-assemble across the gold electrodes. Similarly prepared 
carbon nanotube films have been assembled over gold elec-
trodes on SiO, and have shown an average resistance of 
15454 11 at 10 V (Fig. 5). The current is higher than that 
observed for single CNTs bridging electrodes by electric 
field alignment methods. 
24 
 Work is currently under way to 
measure the electrical properties of the connected tubes after 
selective alignment of the tubes specific for nanoelectronic 
circuit fabrication. 
The authors would like to thank Ronald Brown for as-
sistance in the XPS measurements. Gavin Whittaker for use 
of the Plasma Etch reactor and discussions. Sara Falconj for 
use of the Raman spectroscopy equipment and Andrew 
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